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ABSTRACT 
Product distributions from the nitration of toluene, 
~~xylene, m-xylene, hemimellitene and pseudocumene have been 
determined in nitric acid-acetic anhydride mixtures, 
nitronium tetrafluoroborate-sulpholane mixtures and in the 
nitric acid-sulphuric acid-nitromethane system. The 
Additivity Principle is applied to the toluene results to 
calculate product ratios for the other hydrocarbons. 
Comparison of calculated and experimental results shows this 
to be an unsatisfactory method of calculating product 
distributions for these reactions. The differences between 
calculated and experimental results are examined quanti-
tatively in terms of modified ortho substituent constants. 
Mixtures of nitric acid in acetic anhydride are shown 
to bring about direct acetoxylation of the aromatic nucleus 
when activated by more than one methyl group. The acetoxy-
lation reaction has the characteristics of an electrophilic 
substitution reaction with large steric requirements and 
high selectivity. An estimate of the Hammett rho for the 
reaction is made. 
Product distributions from the nitration of indan and 
tetralin in the three nitrating systems have also been 
determined. These results are discussed in terms of the 
Mills-Nixon effect. An explanation for these and the results 
of other investigations of indan and tetralin is presented. 
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INTRODUCTION 
The Additivity Principle has been used successfully 
to predict the rates of electrophilic substitution of the 
~ethylbenzenes in a number of reactions. This thesis 
examines the usefulness of the Principle in predicting the 
product distributions arising from the nitration of these· 
hydrocarbons, by comparing calculated and experimental 
product ratios. Product distributions from the hydro-
carbons indan and tetralin are also discussed as evidence 
for the nature of the Mills-Nixon effect. During the 
course of the work, mixtures of nitric acid ·and acetic 
anhydride were found to bring about direct acetoxylation 
of the aromatic nucleus, and a study of this reaction is 
made. 
The work forming the background to the investi-
gation is described in this Introduction. A brief outline 
of the mechanism of electrophilic aromatic substitution 
with special reference to nitration is given, and the 
nature of the nitrating species in the three reaction 
systems used is discussed. The Additivity Principle is 
reviewed and the history of the Mills-Nixon effect 
described. 
1 
The mecha;~,, em of electrophilic aromatic substitution. 
It is now generally accepted that the majority of 
e~ectrophilic aromatic substitution reactions proceed via a 
0 -complex, or Wheland intermediate1 (I) and that the 
reaction may be represented as follows: 
k., 
I 
X 
© + + H 
Such a mechanism implies that while the energy profile for 
attack by different reagents may vary somewhat, the general 
shape and the reaction coordinates are very similar. 2 
The a -complex is not a transition state; it is better 
regarded as a more or less stable intermediate which for 
certain reactions at least, appears to have been success-
. fully isolated. Objections to an intermediate of this type 
were raised on the grounds that loss of the full resonance 
energy of the benzene ring would make the a -comple.x very 
unstable, but it has been pointed out3 that stabilisation 
is in part restored bY- the energy of formation of the Ar-X 
bond~ and by hyperconjugation of the hydrogen, and possibly 
the electrophile, with the residual conjugated system. 
Such a reaction scheme would present different kinetic 
behaviour and substituent effects depending on the relative 
2 
magnitudes of the various k values. 
The reactio~ profile for such reactio~s is generally 
drawn with the a -complex occupying a valley between two 
transition states--one for the formation of and the other 
for the destruction of the o -complex. The relative 
heights of the two transition states determines whether 
formation of the Ar-X bond or rupture of the Ar·-H bond is 
rate-determining. Hammond4 has postulated that the o -
complex is a good model for both transition states, and 
that conversion between any of these requires only very 
small changes in molecular parameters. This postulate is 
~enerally assumed to be correct in most discussions of the 
nature of the transition state. 
A considerable body of experimental evidence is 
available to support this mechanism. The kinetic isotope 
work pioneered by Melander5 has proved capable of delicate 
investigation into the nature of the reaction profiles • 
. Substitution of H2 or H3 for the departing H1 
produces a significant change in rate (generally by a 
factor of four and greater) if the second transition state 
is appreciably higher than the first. When no such primary 
isotope effect is observed, smaller secondary effects can 
give useful information about the reaction pathway, though 
these effects may be difficult to interpret. 6 As an 
indication of the validity of Hammond's postulate, it has 
been pointed out7 that practically all electrophilic 
3 
4 
substitution reactions with the exception of nitration.may 
proceed with an experimentally measurable isotope effect 
provided the right condi tiona ar•e chosen. 
Considerable progress has been made in the isolation 
of o -complexes, sometimes under reaction conditions. 
This work, which is well reviewed by Berliner, 8 lends 
support to the intermediacy of such complexes in these 
reactions. Evidence is also available to show that 
HC1-A1Cl3 and HF-BF 3 systems form_ o -complexes with 
aromatic systems, while HCl forms 1C-complexes in which 
interaction occurs between the HCl and the whole ~ -
electron cloud of the aromatic system.9 Comparisons of 
reactivity and 11 a -complexn basicity show striking corre-
lations, which are not exhibited by comparisons with 
11 1C -complex" basicity. 8 
Nitration of aromatic substrates has been 
extensively studied in many nitrating systems. This work, 
. reviewed by de la Mare and Ridd, 10 has shown that the 
reaction profile below (Fig. 1), with a transition state 
T very close to the a.'-complex, is a very satisfactory 
model for aromatic nitration. 
T 
E 
reaction coordinate 
Fig, 1 
The formation of 1t -complexes. 
X 
@ + + H 
The existence of charge-transfer complexes, or 1t -
·complexes, between aromatic hydrocarbons and electron 
acceptors is well-established. 8 The interaction between 
the aromatic 1C -electron cloud and the acceptor molecule 
leads to a complex of low stability which cannot normally 
be isolated, and the existence of such compounds is 
generally inf.erred from physical measurements made on 
solutions. A few ~ -complexes like picrates and tr 
nitrobenzene derivatives are particularly stable and can 
6 
be isolated. The most intensively studied ~ -complexes are 
those formed betwe.en benzene and the halogens or HC 1. 
The HCl-aromatic systems, in which 1:1 complexes are 
tormed,9, 11 , 12 show properties consi~tent with an aromatic 
~ -electron system which has undergone little distortion 
in forming the complex. 
Dewar was the first to propose that ~ -complexes 
were involved in electrophilic aromatic substitution to 
such a significant extent that their formation could become 
rate determining. 13 Dewar's case rested mainly on the 
known formation of such complexes, but as in the case of 
o -complexes, this is not sufficient evidence for their 
participation in the rate-determining step. Furthermore, 
~ Hf values for ~ -complex formation are usually much 
lower than activation energies in substitution reactions, 
and the complexing ability of the halogens is known to be 
the reverse of their electrophilic reactivity. 14 Proto-
dedeuteration reactions have been considered to proceed 
through a ~-complex transition state, but the o -complex 
mechanism appears to explain the kinetic data equally 
we11. 8 Zollinger15 has shown that if steric hindrance to 
the formation of the d -complex is too great the ~ -
complex may bec.ome important; the iodination of 2-napthol-
6,8-disulphonic acid appears to stop at the ~-complex for 
this reason. The ~-electron cloud of the aromatic system 
has been shown to be distorted by substituents, 16 and the 
possibility of oriented ~ -complex intermediates has been 
considered. 17, 18 
Until very recently most workers have restricted the 
role of ~ -complex formation in aromatic substitution to 
low energy intermediates with little effect on the overall 
rate. De la Mare has pointed out 10 that the importance of 
such complexes lies not in their effect on the activation 
energy, but in the fact that those factors which influence 
the stability and geometry of the ~ -complex may well also 
influence the nature of the o -complex so that the latter 
becomes a poor model of the transition state. Melander 
carries this reasoning further. 19 By detailed analysis of 
the reaction profile and potential energy changes he shows 
that the formation of the ~ -complex can become rate 
7 
determining if the electrophile and reagent are sufficiently 
reactive for the transition state to occur early in the 
reaction coordinate. According to this approach, a gradual 
change in the nature of the transition state from 
essentially a o - to. essentially a ~ -complex occurs as 
the reactivity of the system increases. 
Olah and his collaborators20 claim to have discovered 
a system in which the ~ -complex is a good model of the 
transition stateo The work first reported involved the use 
of pre-formed nitronium ions as electrophiles, from the 
reaction of + -N0 2BF4 and related salts with aromatic sub-
strates in organic solvents. The reactions proved to be 
extremely fast and showed the expected lack of discrimi-
nation between different hydrocarbons--i.e., low substrate 
selectivity. Isomer distributions obtained with such a 
reactive electrophile would be expected to approach the 
statistical values, but all hydrocarbons tested showed iso-
mer distributions very similar to those obtained from 
conventional NO~ nitrations. Typical results are shown 
in Table I. 
TABLE I 
Relative rates and product distributions 
from N0 2BF4 nitrations. 
20 
Hydrocarbon Rate rela-
tive to 
benzene 
Isomer distribution(%). 
or tho meta para 
benzene 
8 
toluene 
a-xylene 
.m-xylene 
.]2-xylene 
mesitylene 
ethyl benzene 
.n-propylbenzene 
i-propylbenzene 
,n-butylbenzene . 
1. 00 
1. 67 
1. 75 
1. 65 
65.4 2 .. 8 31.8 
.]-butyl benzene 
1. 96 
2. 71 
1.60 
1 .. 46 
1 .. 32 
1. 39 
1.18 
3-nitro 
2-nitro 
79.7 
17.8 
53.0 
51.0 
23 .. 4 
50.0 
14.3 
4-nitro 20.3 
4-nitro 82 .. 2 
2.9 44.1 
2.3 46.7 
6.9 69.7 
2.0 48.0 
1 o. 7 75 .. 0 
Olah explains these results in terms of a rate-determining 
7C -complex transition state, and shows that the obser•ved 
rates correlate well with the stabilities of known ?C-
complexes but not with cr -complexes. The low substrate 
selectivity is explained by assuming that the whole 7C -
system of the aromatic competes for the electrophile--
it is pointed out that 7C -complex stabilities are 
insensitive to the presence of substituents. Positional 
selectivity within each aromatic is assumed to arise from a 
second transition state of lower energy corresponding to 
the formation of the a -complex. The height of this 
transition state differs for ortho, ~, and para 
substitution as it does in the conventional mechanism. 
The reaction profile drawn by Olah is shown in Fig. 2. 
Other work by this group has extended this treatment 
. 21 to AlC13-cH3No 2-catalysed benzylation, FeC13-catalysed 
bromination, 22 isopropylation~3 · Fec1 3 and AlC13-
catalysed chlorination, 24 and 1-butylations. 23, 25 
The electrophile in each case is considered to be markedly 
more active than 11 conventionaltt electrophiles. The fact 
9 
that the nitration of halobenzenes by N0 2BF4 shows closer 
similarity to conventional nitration than does nitration of 
alkyl benzenes is attributed to the lower 7C -electron density, 
and thus reduced 7C -complex fo,rming ability in the 
halobenzenes. 20 
X ~ 
reaction coordinate 
Fig. 2 
I + 
~H 
The most serious objection which has been raised to 
this work20 is that diffusion control of these very fast 
reactions would lead to similar lack of substrate select-
ivity. Olah reports extensive tests designed to show that 
the reactions are not diffusion controlled. It must 
therefore be assumed that these reactions provide examples 
of the rate-determining 
predicted by Melander. 
~-complex transition states 
10 
The position of the transition state 
on the reaction coordinate. 
The preceding discussion has considered two extreme 
11 
models for the rate-determining transition state in electro-
philic aromatic substitution, the o -complex and the ~ -
complex. It has long been realised that the transition 
state of many such reactions is considerably different from 
the o -complex, and Olah's work has served to emphasise 
the possibility of a gradual transition between the two 
extremes as the activity of the electrophile is changed. 
Two methods of estimating where the transition state for a 
given reaction lies between these two complexes are 
available. The first, the Extended Selectivity treatment 
developed by Brown, 26 is analagous to the Hammett treatment 
of side-chain reactions, and leads to the empirical· 
relationship 
log k/kfr = p 0 + 
+ where 0 is the substituent constant appropriate to the 
substituted aromatic reacting at a rate k/kfr relative to 
benzene, and p is a reaction constant. The reaction 
'·' 
constant is a measure of the susceptibility of the reaction 
to changes in the substituent and the hydrocarbon structure. 
Consistent values of o+ are obtained by different methods 
for a wide range of substituents. Values of the reaction 
constant rho are given in Table II; the wide range of 
values can be explained as follows. As the transition 
12 
state moves further from the o -complex in different 
reactions, delocalisation of' the aromatic system becomes 
less, finally reaching the extreme case of an oriented ~ -
complex in which little change in the aromatic system has 
occurred. At the same time, less stabilisation of the 
transition state by the substituents is evoked. Thus rho, 
which is a measure of this stabilisation, varies with the 
reaction, becoming smaller as less stabilisation is 
required. The rho values shown in the table, taken from 
Brown's compilation, demonstrate for example what has long 
been known, that molecular bromination is more sensitive to 
changes in substituent than nitration. 
TABLE II26 
Reaction ·; Conditions p 
Bromination Br2 , AcOH, H2o 25° -12.1 
Chlorination Cl2' AcOH 25° -10.0 
Acetylation AcCl, AlC13 , Ctf4C12 25° -9.1 
Detri t iation Various 
-8.2 
Bromination HOBr, HC1o4 , dioxan 25° -6.2 
Nitration Various -6.0 
Mercuration Hg(OAc) 2 , AcOH 25° -4.0 
Ethylation EtBr, GaBr3, ArH 25° -2.4 
Brown and Stock conclude from their analysis that the 
transition states of aromatic substitution reactions show 
far less variation than do those of side-chain reactions. 
Olah 1 s results do not conform to the Selectivity relation-
ship, a fact which Olah uses to support his mechanism, and 
rho values for these reactions cannot be obtained in this 
way. 
13 
Dewar's reactivity number treatment27, 28 is 
essentially a theoretical derivation of a relationship 
similar to the Extended Selectivity treatment. Reactivity 
numbers are directly related to, but more simply calculated 
than, the localisation energies required to form the a -
complex from the hydrocarbon. Reactivity numbers show 
linear correlations with reactivity and variations in the 
slopes of the correlation lines for different reactions can 
be interpreted in terms of differences in transition states. 
This treatment has so far been successfully applied only to 
polycyclic aromatic compounds. 
The nitrating systems. 
The work of Ingold and his collaborators 29 on the 
mechanism of aromatic nitration established that in the 
majority of the systems studied the nitronium ion, 
14 
is the active electrophile. Many of the systems studied by 
these workers are extremely active nitrating media; nitric 
acid-sulphuric acid mixtures, for example--and at concen-
trations suitable for gas chromatographic product analysis 
lead to significant polynitration. This makes them 
unsuitable for this type of study. Two systems which were 
"' 
considered t'o involve NO~, 10 and which on investigation 
proved to give smooth mononitration were nitric acid in 
nitromethane solvent, with added catalytic sulphuric acid, 
and .. nitric acid-acetic anhydride mixtures. In the latter 
system, there was doubt about the electrophile, and 
unusual orientation effects had also been observed (see 
p .. 2 7). For this reason it was decided to compare ni tra-
tions in nitromethane with nitrations in acetic anhydride, 
the former solvent providing a comparison system in which 
reaction occurred by a well-defined kinetic route.. During 
the course of this work the nitronium tetrafluoroborate 
nitrations of Olah et a1. 20 were reported. These workers 
drew attention to the unusual behaviour of this reagent 
(p. 8), and a study of the product distributions from the 
reaction of the methybenzenes with N0 2BF4 was therefore 
15 
undertaken. The next three sections describe the inform-
ation which is available about the active nitrating species 
in these three systems. 
Nitronium tetrafluoroborate-sulpholane mixtures. 
The original intention of Olah and his co-workers in 
investigating nitrations using N0 2BF4 and related salts 
was to examine the behaviour of an electrophilic aromatic 
substitution reaction in which the attacking electrophile, 
NO~ in this case, was not formed in a pre-equilibrium step. 
Thein pioneering work30,31 on the preparation of the salts 
N0 2BF4 ~ N0 2PtF6, NOzAsF6, and (N0 2)2SiF6 allowed these 
salts to be used for this work. The most useful material 
proved to be N0 2BF4. Infrared examination of the solid 
salt32 showed that it contains the o--t==o unit. 
Conductivity measurements31 in sulpholane and nitromethane 
supported the ionic salt structure. The overall reaction 
with the aromatic in sulpholane is 
ArH + N0 2BF4 
The tetrafluoboric acid is stable in sulpholane, and 
readily removed by washing with water. 
The following information about the nature of the 
electrophile iri these solutions has been described by Olah. 
The attacking entity appears to be essentially non-solvated. 
The ortho :: para ratios found for toluene20 are higher than 
16 
values generally observed. Values for ethylbenzene, iso-
propylbenzene and !-butylbenzene are also slightly higher 
than those found in other nitrating systems.33 Nitrations 
with N0 2BF4-sulpholane mixtures display normal positional 
selectivity within each aromatic, but abnormally low sub-
strate selectivity20 (p. 8). Olah considers this to be 
evidence for attack by NO~ without pre-equilibrium 
:formation of this species--"free" NO~ being an extremely 
vigorous electrophile leading to a transition state much 
closer to a ?t -complex than a o -complex. Such ?t-
complexes, he considers, would be expected to have similar 
stability over a range of substrate reactivities, leading 
to'the observed low substrate selectivity. Heterogeneous 
nitration of aromatics in 1:1 sulphuric acid-nitric acid 
shows substrate selectivity very close to that found in 
N0 2BF4 nitrations.34 Reactions with 75% mixed acid in 
sulpholane and in acetic acid also show this low select-
ivity. Mixed acid is expected to contain NO~ in high 
concentration, and Raman spectroscopy indicates appreciable 
nitronium ion concentrations in the 75% solutions.34 
30% mixed acid in sulpholane, however, shows no detectable 
NO~ and the substrate selectivity is similar to that :round 
in other nitrating systems. These results are summarised in 
Table IIIo 
17 
TABLE III 
Substrate selectivity in selected aromatic nitrations;4 
Rates relative to benzene. 
Substrsate Mixed acid Nitric acid 
hetero- 75% in 30% in BNO 3-ni t1•o-
geneous sulpholane sulpholane methane 
benzene 1 G 0 1. 0 1. 0 1. 0 
toluene 1. 24 1. 60 28 26.4 
_g-xylene 1 .. 02 0.90 
.m-xylene 0.80 1. 10 > 500 
.,E-xylene 1. 09 1. 8 > 500 22.6 
mesi tyleneJ 0.68 0.33 >1000 >1000 
ethyl benzene 1 .. 35 24 >1000 
These results were taken to indicate that nitration in 
"classical" nitronium ion systems in fact involves not free 
NO~ but a weak electrophilic precursor, while in N0 2BF4-
sulpholane or in high concentrations of mixed acid the 
electrophile is much closer to the free nitronium ion. 
However, cryoscopic measurements on N0 2BF4-sulpholane 
systems showed the salt to be only about 2% dissociated, 
and the conductivity measurements were re-interpreted in 
terms of conducting ion triplets.34 
Olah concludes that is the electrophile, 
and regards the reaction "as nucleophilic displacement by 
the basic aromatic hydrocarbon on the NO~BF4 ion pair 
(or higher associated clusters). The high energy of 
18 
activation of the ~ -complex results from the energy 
required to overcome the coulombic forces of the ion pairs." 
Nitric a,cid-ni tromethane mixtures. 
Raman spectra of nitric acid in nitromethane show no 
trace of either the nitronium ion or the nitrate ion.35 
In solutions of nitric acid-sulphuric acid mixtures (1:1) 
in nitromethane, NO~ is detectable down to 25% mixed 
acid by volume,34 but not below this figure. Protonation 
of the nitromethane by nitric acid seems unlikely, since 
this is brought about to only a very limited extent by 
concentrated s~lphuric acid.36 The. kinetic studies of 
Benford and Ingold37 have established the following 
equilibria: 
...... 
..... 
Reaction with aromatic then occurs: 
ArH +NO~ 
J 
(fast) 
(slow) 
In accordance with this scheme, the reactions with benzene 
and more reactive substrates show zeroth order kinetics, 
reactions with halobenzenes show orders between 0 and 1, 
and di- and trichlorobenzenes show first order kinetic·s. 
The formation of the nitronium ion in the second step is 
assumed to be slow enough to be rate-determining in the 
reaction with activated substrates. Rates of reaction of 
benzene, toluene and ethylbenzene are identical when 
determined separately,37 but competitive reactions show34 
19 
that mixed hydrocarbons compete selectively for the electro-
phile {benzene:toluene:ethylbenzene = 1:26:23; 
benzene:~~lene = 1:> 1000). These observations are in 
accordance with the slow formation of Further, 
addition of N0 1 to the reactions strongly retards the rate 3 
but induces no change from zeroth to first order kinetics. 
The formation of H2N03 cannot therefore be rate-
determining. 
The rate of recombination of the nitronium ion with 
water must, in this reaction sequence, be much slower than 
the rate of reaction with aromatic. If sufficient water is 
added, this will compete effectively with the aromatic for 
the nitronium ion and the reactions should become first 
order in hydrocarbon. Although this change has not been 
observed with alkylbenzenes, Hughes et a1.38 have shown it 
.to occur in theN-nitration of N-methyl-2,4,6-trinitro-
aniline, which exhibits characteristics typical of aromatic 
substitution. The effect of added water is the same as 
reducing the substrate activity--the substrate becomes less 
effective in competing for the nitronium ion. 
The above considerations apply to solutions of 
nitric acid in nitromethane up to ?M. Addition of cata-
lytic (0.01M) quantities of sulphuric acid to the system 
20 
accelerates the reaction through the equilibriwn, 10 
Olah has shown that high concentrations of mixed 
acid in both acetic acid (up to 75% mixed acid) and sulpho-
lane contain appreciable concentrations of N0~.34 
Nitrations carried out in these systems and heterogeneously 
in mixed acid show the almost complete lack of substrate 
·selectivity typical of nitrations with N0 2BF4 , (Table I, 
p. 8)t but with normal isomer distribution. (Nitromethane 
could not be used as a solvent for this work because the 
acid layer separates on addition of hydrocarbon. However, 
75% mixed acid in ni tromethane shows similar [ NO~ ] 
values to sulpholane and acetic acid.) Olah also showed 
that water, benzene, toluene and chlorobenzene react at 
very similar rates with N0 2BF4 in sulpholane.34 On 
these grounds he concludes that in dilute solutions of 
organic solvents the nitronium ion 'is not the attacking 
electrophile, but rather some precursor is, and that NO~ 
is formally released only when the precursor is already 
associated with the substrate. Olah considers that the 
active species is ttmost probably" a transition state in the 
formation of NO~. This proposal is difficult to reconcile 
with the Ingold kinetics. The most likely precursor to 
NO~ in nitromethane is the nitric acidium ion H2N03, 
proposed by Ingold. Thus Olah's scheme would be 
slow· + H2o_ -N0 2 
t ArH 
H 0 No + 2 + 2 
Ar-N0 2 + H+ + H20 
21 
Such a scheme agrees with the observed retardation by NO~, 
but does not explain the effect of added water, which should 
increase the concentration of the reactive species and thus 
increase the rate. 
In spite q~ these difficulties, there is certainly a 
difference between nitration with dilute solutions of nitric 
acid in organic solvents and nitrations in systems which 
might be expected to give high concentrations of ei.ther NO~ 
or NO~BF4 ion pairs. The cause of the difference is not 
clear. 
Nitric acid-acetic anh~dride mixtures. 
(a) Physical measurements. 
In 1945 Vandoni and Viala39 carried out vapour 
pressure measurements with nitric acid-acetic anhydride 
! 
mixtures, and interpreted the results in terms of the 
equilibria 
Ac2o + 2HN03 
_,. N205 + 2AcOH .. • 0 
-
• • • . 
N205 + Ac 2o -" 2AcON0 2 • ....-. • • .. • • .. • • 
• 
• 
For mixtures with nitric acid mole fractions less than 
. ( 1 ) 
• ( 2) 
0.5, 
the measurements showed that nitric ac.id is converted almost 
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entirely into acetyl nitrate: 
AcONO 2 + AcOH • • • • • • • • ( 3) 
Raman spectra measurements4° support this conclusion, and 
measurements by Jones and Thorn41 may also be interpreted in 
terms of this equilibrium though the authors did not do so.42 
Freezing point measurements43 are interpreted by Dunning and 
Nutt in terms of the formation of N2o5 and acetic acid 
from pre-formed acetyl nitrate. Viscosity, density and re-
fractive index measurements by Mal 1Kova44 can be explained 
in terms.of complete conversion of the nitric acid into 
acetyl nitrate for mole fractions of nitric acid up to 0.5. 
At higher acid concentrations, N·2o5 is formed. Lloyd and 
Wyatt's vapour pressure measurements45 agree with this 
conclusion. Marcus and Fresco measured the infrared spectra 
of nitric acid in acetic anhydride.46 'With concentrations 
of nitric acid up to 70 mole % no absorption by NO~ 
could be observed. Above this concentration the absorption 
detected could have been due either to free or to the 
ionic species On the assumption that the second 
possibility is correct these observations are in accord with 
(1) and (2) over the whole concentration range. Bordwell 
and Garbisch47 studied the nitration of alkenes in nitric 
acid-acetic anhydride mixtures and found that if the 
mixture was prepared at -10° there is little evidence of 
reaction during mixing and little or no nitration occurs on 
adding alkene at " 0 -15 • On the other hand an exotpermic 
reaction occurs if. 70% nitric acid is added to acetic 
anhydride at 0 25 , and nitration of added alkene occurs 
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r~adily. Nitric acid can be recovered almost quantitatively 
from the mixture prepared at -10° by precipitation as urea 
nitrate. Addition of urea to the reaction mixture prepared 
at 25° gave 30-35% 1 0f the total nitric acid as urea 
nitrate; after one hour the precipitate formed was equi-
valept· to 22% total acid.; This work was interpreted in 
terms of the formation of acetyl nitrate at room temperature, 
this being either the effective nitrating agent or an 
essential precursor. 
The majority of the evidence presented above favours 
the view that in nitric acid-acetic anhydride mixtures with 
mole fractions of nitric acid below 0.5, the acid is 
converted almost entirely into acetyl nitrate. 
(b) Kinetic evidence. 
Several kinetic investigations have been carried out 
in nitric acid-acetic anhydride mixtures. Only those which 
have direct bearing on the nature of the attacking species 
will be described. In 1935 Cohen and Wibaut48 reported a 
study of the nitration of benzene in this system. The 
reaction was found to be third order in nitric acid and 
first order in benzene. Addition of urea to the reaction 
mixture :tletarded the rate of nitration and this was 
2L~ 
interpreted as proof of catalysis by nitrous acid. The 
authors proposed tllat nitration was approximately first 
order in nitrous acid and second order in nitric acid. The 
nitrous acid concentration was assumed to depend on nitric 
acid, leading to the third order dependance. Nitric acid 
reacts with acetic anhydride to give tetranitromethane,49 
and this compound may be prepared by allowing the mixture to 
stand for several days. The equation is 
Cohen and Wibaut investigated this reaction and estimated 
the half-life of nitric acid to be about 24 hours. Studies 
of the nitration of benzene by nitric acid in carbon tetra-
chloride showed that added acetic anhydride retarded the 
rate. This was attributed to the more rapid formation of 
acetyl nitrate, which was considered a poorer nitrating 
agent than nitric acid. 
Pau150 followed the nitration of benzene in nitric 
acid-acetic anhydride mixtures at 25°, using an ultra-
violet spectrophotometric method to measure the rate of 
nitrobenzene formation. By using an excess of nitric acid, 
the acid concentration was held effectively constant. The 
reactions showed first-order dependance on benzene, but the 
rate plots were curved. Paul converted them to linear 
plots by assuming a first-order reaction between nitric 
acid and acetic anhydride and choosing values of the rate of 
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this side reaction to give linear plots. The half-life of 
the side reaction estimated in this way was about one hour, 
very much less than the value found by direct measurement.48 
The benzene nitration was found to be second order in nitric 
acid, and the results were interpreted in terms of a 
nitronium ion mechanism; 
HN0 3 + H+ 
+ H~O 3 + Ac 2o 
ArH + NO~ -+ 
H~o3 
~ 2AcOH + NO~ 
ArN0 2 + H+ (slow) 
This scheme requires second-order dependance on nitric acid, 
and accounts for the observed catalytic effect of sulphuric 
acid and the change to first-order nitric acid dependance 
in the presence of added sulphuric acid. Paul's correction 
for the side-reaction is, however, arbitrary and almost 
certainly too large. This would account for the difference 
between his nitric acid order and that of Cohen and Wibaut. 
Further, Paul's mechanism takes no account of the acetyl 
nitrate which is kno\vn to exist in these solutions, nor 
does it explain the fact noted by him and by Cohen and 
Wibaut, that acetic acid up to high concentrations has no 
effect on the rate. 
The work of Bonne?1 on the conversion of 2,4-dini tro-
benzyl alcohol into its nitrate ester with nitric acid-
acetic anhydride mixtures in acetic acid will not be 
considered. Apart from the complicating presence of acetic 
acid, good reasons for rejecting the conclusions drawn by 
these workers have. been given by Read.42 
Bordwell and Garbisch have studied the nitration 
of simple alkenes47 and of 1,1-diarylalkenes52 with 
nitric acid-acetic anhydride mixtures, and their work 
provides valuable information about the nature of the 
reactiv9 species in these solutions. Their evidence for 
the formation of acetyl nitrate has already been outlined 
(p. 23). From the reactions of the simple alkenes the 
principle product is the ~ -nitro acetate, with smaller 
amounts of ~ -nitro alkenes and ~ -nitro nitrates. 
2-Methylpropene serves as a typical example: 
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Formation of the ~ -nitro acetates was found to be almost 
entirely stereospecific and consideration of specific cases 
shows that acetyl nitrate or its conjugate acid is the only 
reasonable attacking entity which will give stereospecific· 
addition. Further, crowded alkenes such as 2,4,4-trimethyl-
2-pentene fail to give {3 .:.nitro acetates except in the 
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presence of added sulphuric acid. This can be explained in 
terms of the steric requirements of the cyclic transition 
state for this reaction. The formation of ~ -nitro alkenes 
from the crowded alkenes can also be explained in terms of 
relief of strain in the transition state: 
Addition of sulphuric acid to the reactions causes marked 
acceleration of the rates, in support of the view that 
protonated acetyl nitrate is the reactive species. Acetate 
ions and urea both cause marked retardation, presumably by 
destroying AcON0 2.H+ by proton abstraction. The 
formation of small amounts of ~-nitro nitrates was believed 
to be due to the presence of small amounts of dinitrogen 
pent oxide: 
AcONO 2 + HNO 3 
AcONO 2ff+No 3 
+ -AcON0 2.H .NO 3 
N'2o5 + AcOH 
This accounts for the increased yields of ~ -nitro nitrates 
with added lithium nitrate and for the decreased yields in 
added sulphuric acid. Studies of the nitration of 
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1,1-diaryl alkenes support the observation of the strong 
catalysis by sul~huric acid. In alkenes such as 
1,1-diphenyl propene, in which attack at the double bond is 
likely to be sterically hindered, N2o5 asswnes a signi-
ficant role and good yields of 13 -nitro nitrates are 
obtained. 
From the evidence swnmarised above it seems likely 
that the important nitrating species in nitric acid-acetic 
anhydride mixtures are protonated acetyl nitrate and to a 
lesser extent dinitrogen pentoxide and acetyl nitrate. 
(c) Evidence from ortho:para ratios. 
A problem related to studies in nitric acid-acetic 
anhydride mixtures is the high ortho:~ara ratios sometimes 
observed for nitrations in this system. These ratios, 
which are high compared with values obtained for the same 
substrate in other nitrating systems, have been observed 
for anisole, acetanilide and methyl phenethyl ether, and 
are summarised in Table IV. 
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TABLE IV 
A Ortho:~ara ratios from the nitration of anisole and 
acetanilide. 10 
Substrate Nitrating medium ortho:J2ara ratio 
anisole HNO 3 in H2so4 0.46 
HNO 3 ( d = 1 • 42 ) 0.69 
HN0 3 in AcOH 0.81 
HN0 3 in Ac2o 2.54 
PhCO.ON0 2 in MeCN 3.00 
acetanilide HN0 3 in H2so4 0.25 
HN0 3 (99%) o. 31 
HN0 3 in Ac 2o 2.28 
B Ortho:para and ~:para ratios from nitration of 
methyl phenethyl ether.53 
Nitrating medium ortho:~ara ratio meta:para ratio 
HNo 3 0.76 0.12 
HN0 3 in Ac2o 1.84 0.11 
AeON~ irt MeON 2 .. 22 0.14 
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It is generally acknowledged that other substrates with 
nitric acid-acetic anhydride mixtures give ortho:~ara ratios 
similar to those obtained from reaction with nitric acid, 
mixed acid, and nitric acid-acetic acid mixtures (Table V), 
although Topchiev54 has reported high ortho:para ratios for 
nitrations of toluene, phenol and benzyl chloride with 
acetyl nitrate in an unspecified solvent. 
TABLE V 
Ortho:para ratios from nitration of toluene and 
~-butylbenzene 
Substrate Nitrating medium ortho:para ratio References 
toluene HN0 3 in H2so4 1. 58 55, 56 
HN0 3 in Ac2o 1.87 57' 58, 59 
HN0 3 in MeN0 2 1. 70 57, 58 
HN0 3 in 90% AcOH. 1.41 60 
t-butylbenzene HNO 3 in H2so4 0.22 55 
HN0 3 in Ac2o 0.13 57, 59 
HN0 3 in MeN0 2 0.15 57 
HN0 3 in 90% AcOH 0.15 60 
The nitration of biphenyl in nitric acid-acetic 
anhydride mixtures has been considered to give high ortho: 
para ratios. 61 - 63 Recent work has shown, however, that 
the "anomalous" ratio occurs in mixed acid nitration of 
bipheny163 and this has been attributed to the heterogeneous 
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reaction. High activation of the ortho position in biphenyl 
occurs in other reactions64 and can be explained in terms of 
the planar configuration of the two rings in the ortho 
transition state. Further, the results of reference 61 have 
been utilised by Brown et al. 65 and show good fit with other 
results on selectivity plots for biphenyl. There remain 
therefore the high ortho:para ratios for anisole, aceta-
nilide and methyl phenethyl ether, if Topchiev's results are 
ignored for want of detailed information. Three 
explanations have been put forward for these. 
Pau166 has proposed that the high percentage of 
ortho product from nitration in acetic anhydride arises 
from the greater electrostatic effect of the substrate 
dipole moment in a medium of low dielectric constant (20.7 
for acetic anhydride). This view is rejected by Norman and 
Radda53 on the grounds that product ratios in acetic acid 
(dielectric constant 6.4) are the same as those from nitric 
acid and also from mixed acid (dielectric constant about 
50). The other two explanations are complementary. De la 
Mare10 proposes that the change arises entirely from a 
change in nitrating species in acetic anhydride, but it 
seems unlikely that such a large change could arise solely 
from a change in the electrophile. The experimental ~ 
values are not sufficiently accurate to allow meaningful 
comparison of the selectivity factors for the various 
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solvents, and in his examination of the reactions of anisole, 
Brown did not examine nitration data for fit to the select-
ivfty relationship. Thus this postulate cannot be tested. 
A second, related explanation, offered by Norman and Radda(3 
seems most satisfactory. These workers examined the be-
haviour of methyl phenethyl ether and showed that the ortho: 
para ratio was higher for nitric acid-acetic anhydride and 
acetyl nitrate-acetonitrile than for other systems, 
(Table IVB), but that the meta:~ ratios were essentially 
unchanged. This shows that the high ortho:;Qara ratio does 
not arise from protonation of the oxygen, since such pro-
tonation would result in greater deactivation of the para 
than ~pe ~ position. The explanation offered is that in 
addition to "normal" nitration by nitration by 
N2o5 also occurs. Paul's work is cited as evidence for 
nitronium ion nitration. N2o5 is attacked by an ~2 
displacement of nitrate ion thus: 
This mechanism is also applicable to anisole and acetanilide. 
Although the explanation is offered in terms of dinitrogen 
pentoxide, the same reasoning can be applied to protonated 
acetyl nitrate, with this species responsible for all the 
nitration reaction, and enhanced ortho activity arising 
from a cyclic transition state. 
etc. 
-
Such a scheme would require an acetic acid leaving group, 
which might be expected to be more effective in acetic 
anhydride than NO 3 . 
It is concluded from this survey that the most 
important attacking species in nitric acid-acetic 
anhydride mixtures is protonated acetyl nitrate. 
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Additivity in Electrophilic Aromatic Substitution 
The first attempt to predict the effect of more than 
one substituent on the reactivity of the aromatic nucleus 
was made by Holleman in 1924. 67 On the basis of the 
experimental information available, Holleman proposed two 
methods of calculating isomer distributions in poly-
substituted benzenes. Both methods assumed that the groups 
on the benzene ring activated the ring independently, the 
influence of each group at the available ring positions 
being measured by the product distribution of the relevant 
monosubstituted benzene. The two methods are illustrated 
below: 
Total 
Rela~tive 
Rate: 
1 X 
A (): .... 
"Product rule11 "Sum rule" 
The relative rates of substitution for the two mono-
substituted compounds at each ring position allow 
calculation of similar quantities for the di-substituted 
compounds by either the 11 sum11 or the 11product 11 rule. From 
these values the isomer distributions for the disubstituted 
compounds could be calculated. Holleman was aware of the 
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importance of the relative rates of overall substitution of 
the two parent compounds and corrected for this factor in 
his 11 swnu rule but not in the 11product 11 rule. The experi-
mental information available did not allow a decision 
between the two methods to be made, but Holleman notes67 
that both methods give the correct qualitative result in 
almost all of the large number of cases he cites. De la 
Mare10 has summarised the early experimental evidence for 
disubsti tuted benzenes; examination of this work shovts that 
most workers assumed some form of 11 sum11 relationship and 
obtained rough qualitative agreement between predicted and 
experimental results.68,69 
An important contribution towards an understanding 
of the effects of two or more substituents was made by 
Scheffer7° and independently by Bradfield and Jones,72 who 
interpreted Holleman's data in terms of the Arrhenius 
equation. Scheffer showed that the relative rates of 
nitration in disubstituted benzenes could be deduced from 
the rates of nitration of monosubstituted benzenes provided 
the entropy of activation at each position in the benzene 
ring is the same. Bradfield and Jones72 and Jones et al}3-75 
examined the nuclear chlorination and bromination of over 
two hundred aromatic ethers of the type ~-Ro-c 6H4-x and 
Ro-c6HjK2 and showed that the entropy of activation was 
constant, that the changes in rate observed arose from 
changes in the activation energies, and that the value of 
Ea is determined by the sum of characteristic contri-
butions from the substituents on the ring. Work by Stubbs 
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and Hinshelwood and others, on activation energies of side-
chain reactions, including the dissociation of substituted 
benzoic acids77 also showed constant entropies of activation 
for any given reaction, and characteristic additive contri-
butions to the energy of activation by different substi-
tuents. 
This concept of a characteristic contribution to the 
energy of activation made by any given substituent is the 
basis of the very successful treatment developed by 
Hammett78 for side-chain reactions of disubstituted benzenes. 
Hammett's treatment, and other such 11 linear free energy 
relationships 11 express this concept in much more useful 
terms, allowing simple evaluation of the substituent's 
effect on the activation energy without calculation of the 
activation energy change itself. This treatment has been 
extended by Jaffe79 and others to side-chain reactions of 
polysubstituted benzenes, by assuming that these 
characteristic contributions of each substituent are 
additive; this postulate is the "Additivity Principle." 
It has been successful in predicting side-chain reactivities 
in a wide variety of reactions. Thus, the Hammett equation 
for one substituent (other than the reacting side-chain) is 
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t 
log k :::: p a 
where k' is the reaction rate for the substituted compound 
relative to the unsubstituted compound, P is the reaction 
constant (which includes the temperature-dependent entropy 
term of the Arrhenius equation) and a is the characteristic 
contribution of the substituent. The Additivity Relation-
ship gives, for a benzene nucleus with i non-reacting 
substi tuents, 
log k' :::: 
Application of this approach to electrophilic aro-
matic substitution has been much less rapid. Condon80 was 
the first to show that a linear free energy relationship 
could successfully predict aromatic reactivity. In such 
systems, the unsubstituted reference compound is benzene, 
and the rate of substitution at any given position in the 
substituted compound relative to one position in benzene is 
termed the "partial rate factor" or "partial relative rate" 
for that position, kr· The Additivity Principle gives the 
expression for the partial rate factor as 
or 10 p 1 Oi 
( cri is now a constant characteristic of the influence of 
each substituent· at a given position in the ring, rather 
than at a side-chain reaction site). The total reaction 
rate kt for the substituted aromatic relative to one 
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position in benzene is the sum of the partial rate factors 
for each position, thus15° 
= 
which may be written as 
p~O· t10 i ~ 
kt = L:'Tflc. • f i J. 
Condon's calculations illustrate the use of this 
equation. If the partial rate factors for the haloGenation 
of toluene are of, mf, and pf as shown (determined 
from the isomer distribution and the relative rates of 
halogenation of toluene and benzene) 
then the partial rate factors for the free positions in 
m-, and .:12-.X:ylene, together with the total rates of 
substitution are: 
4orf 
(Total rates relative to benzene=1 are given by kt/6.) 
o-
- ' 
This treatment is effectively the same as Holleman's 
original "Product ·rule" with allowance made for the relative 
rates of reaction of the parent aromatics. All the methods 
discussed are based on the general concept of additive 
contributions to the free energy of activation by 
substituents in the ring; Condon's method is particularly 
convenient for the methylbenzenes. 
Condon uses the rate data of de la Mare and 
Robertson81 for chlorination and bromination of polymethyl-
benzenes in 99% acetic acid (some values are for chlori-
nation and some for bromination), and the isomer distri-
bution figures for toluene derived from Wertyporoch's 
work82 on SbC15-catalysed chlorination. Since all three 
reactions are now known to give quite different values for 
partial rate factors, 83 and since Condon was forced to 
assume a value for the meta partial rate factor, the 
agreement found by Condon between experimental and calcu-
lated results is remarkably good. (Table VI) 
TABLE VI 
Relative rates of halogenation of polymethylbenzenes 
(benzene=1) 
.:g-xylene _g~xylene m-xylene mesitylene pentamethyl-
benzene 
13x108 
.i. 
Experi-
mental 2.2x103 4.6x103 4.3x105 1.8x108 
Lj.O 
In a second paper, 84 Condon extends this treatment to the 
basicities of the ·polymethylbenzenes. Basicities deter-
mined by McCaulay and Lien, 85 and McCaulay, Shoemaker and 
~ien86 fo~ durene, isodurene, prehnitene and pentamethyl-
benzene were used to calculate 11partial relative basicities11 
for ortho-, meta-, and para- methyl groups, analagous to 
partial rate factors for substitution reactions. These 
values were used to calculate basicities for the other 
methylbenzenes, with good agreement between calculated and 
experimental values. (Table VII) 
TABLE VII 
Relative basicities of polymethylbenzenes (m-xylene=1) 
Calculated Observed 
Toluene 0 .. 012 0.001 
.P-Xylene 0.042 0 .. 05 
..Q-xylene 0 .. 05 0.10 
m-xylene 1.3 1 .. 0 
. pseudocumene 2.6 2.0 
hemimellitene 6.6 6.7 
Condon also found good correlation between the basicities 
and rates of halogenation, the points showing excellent fit 
to the line 
log(relative rate) = 1.271og(relative basicity) + 
constant. 
Noting that this relationship corresponds exactly to the 
Hammett equation log k/k
0 
= p a Condon calculated values 
of p for the halogenations and the reaction with HF.BF 3 
(basicity). 
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P calculated from 0 p-Me from 0 m-Me 
Halogenation 
Basicity 
-17.3 
-12.7 
-1 o. 1 
-7. 1 
His comment that the large differences between the values 
of p calculated from the two a values 11 suggests that 
side-chain a values may need modification in order to 
correlate aromatic ring carbon reactivity" foreshadows the 
work of Brown et al. 87 in deriving such modified values. 
In 1995 Brown and McGary88 applied Condon's treatment 
to the mercuration reaction, determining the product 
distribution for toluene and the reaction rates for the 
) 
polymethylbenzenes under identical conditions. Experimental 
difficulties in determining the amount of ortho-isomer 
formed in the mercuration of toluene led these workers to 
calculate the value of the ortho partial rate factor from 
the rates of reaction of the polymethylbenzenes. They found 
that no singl~ value would give satisfactory agreement for 
all the hydrocarbons, and suggested that the large steric 
requirements of the mercuration reaction required the use 
of 11 singleu and "double" ortho partial rate factors, thus: 
t 
o-M• 
. . . 
smgle orth o 
t Me-o-M• 
' 
.. t double ortho 
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Use of these two values in calculating relative reactivities 
reduced the standard deviation of the calculated from the 
observed values from 12% to 6% (Table VIII). 
Marino and Brown89 determined the relative rates and isomer 
distributions from acetylation of methylbenzenes by acetyl 
chloride--AlC13 in ethylene dichloride solution, a reaction 
with very large steric requirements. These results, 
summarised in Tables VIII and VIIIA, show much larger differ-
ences between observed and calculated results than found 
for mercuration. The isomer distributions in Table VIIIA 
show poor agreement between observed and calculated values--
it is interesting to note that while the calculated overall 
rate for hemimellitene is the same as the observed rate, the 
calculated isomer distribution is seriously in error. Later 
work by Brown et al. is summarised in Table IX. The 
calculated results for the halogenation reactions are 
obtained using mean values for the meta partial rate factor 
in toluene, which is difficult to determine experimentally. 
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TABLE VIII 
Relative rates of mercuration and acetylation of methylbenzenes 
H;ydrocarbon .M~I:Q1J.:Catj QD 88 Acet~latim189 
Obs. Calc. Obs. Ca1c. 
benzene 1. 0 1. 0 1.0 1. 0 
toluene 5.0 5.3 128 128 
.Q-Xylene 16.0 14.7 2130 1200 
m-xylene 34.5 35.0 347 1130 
.:Q-xylene 8.2 7.2 23.5 14.4 
mesitylene 209 194 2920 7580 
hemimellitene 68 71.5 8260 8240 
pseudocumene 49 41.5 1760 2720 
durene 30 30.4 102 156 
isodurene 257 255 7430 24200 
prehnitene 126 121 7300 25800 
pentamethylbenzene 224 255 13200 58000 
TABLE VIII A 89 
Product distribution from acetylation of methyl benzenes 
Hydrocarbon isomer Observed Calculated 
m-xylene 2-' 0 0.3 
4- 97.5 99.4 
5- 2.5 0.3 
hemimellitene 4.:.. 21.0 65.2 
5- 79.0 34.8 
Relative rates of electrophilic attack on polymethylbenzenes (benzene= 1) 
H;zdrocarbon Relative Rates 
Bromination83 Chlorination83 . 90 Benzo;ylationa, Benzoi£lationb,90 
Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. 
benzene 1.00 1. 00 1. 00 1.00 1. 00 1. 00 1. 00 1. 00 
toluene 605 605 344 344 117 117 110 110 
.Q-xylene 5.32x103 5.54x1o3 2. 1 xi o3 2.37x1o3 1076 1393 993 1120 
m-xylene 5.14x105 5.44x105 1.85x105 2.32x105 698 396 619 396 
)2-xylene 2.52x103 2.20x103 2.08x103 2.04x103 106 243 99 140 
hemimellitene 1.67x1o6 2.67x106 
pseudocumene 6 6 1.52x10 1.66x10 
mesitylene 1.89x108 4.36x108 
:prehnitene 1.10x107 1.46x1o7 
isodurene 0.42x109 1.60x109 
durene 6 6 2.83x10 3.63x10 
pentamethyl-
0.81x109 4.39x109 benzene 
a In ethylene dichloride solvent. b benzoyl chloride solvent. :g: 
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The mean is obtained from the experimental value and values 
obtained by calculation assuming the Additivity Principle to 
be valid. The agreement between observed and calculated 
rates over such large variations in reactivity is very good 
indeed for the chlorination and bromination reactions. 
Reactions involving displacement of groups other than 
hydrogen from the aromatic nucleus also provide support for 
the validity of the Additivity Principle. These reactions 
have been shown comparable in all respects to conventional 
aromatic substitution.91 They provide a powerful test of 
the principle since the partial rate factor at a given 
position in the ring, rather than the total rate of reaction, 
is determined for the compound studied. Benkeser et al. 
measured rates of protodesilylation92 and of mercur 
desilylation, 93 and Eaborn and Moore94 the rates of proto-
desilylation of polymethylbenzenes. All have found 
generally good agreement between observed rates and values 
calculated from toluene partial rate factors. The results 
are summarised in Table X. The calculated rates of 
mercuridesilylation in Table X have been obtained from 
Benkeser's values for the monomethyl compounds. 
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TABLE X 
Relative Rates of Protodesilylation and Mercur·idesilylation 
of Methyl-substituted phenyltrimethylsilanes 
:1ydrocarbon 
(R=SiMe3 ) 
Relative Rates ( Q-siMey::1) 
R-benzene 
o-R oluene 
!]-R-toluene 
12-R-toluene 
2-R-.:Q-xylene 
4-R-.m-xylene 
2-R-.m-xylene 
4-R-..Q-xylene 
3-R-..Q-xylene 
5-R-.m-xylene 
R-mesitylene 
Proto-
desilylationa 
Obs. Calc. 
1. 00 
15.7 
'2.19 
14.3 
34.8 
277 
3380 
33.6 
94 
34.4 
225 
246 
31.3 
34.4 
Proto- b 
desilylation 
1. 00 
18.3 
2.38 
22.8 
42.9 
422 
3530 
56.1 
71.9 
6.0 
53,000 
Calc. 
43.6 
417 
335 
54.3 
43.6 
5.7 
7640 
a Cleavage in glacial acetic acid-HC127 
b Cleavage in aqueous methanol-HC104 29 
Mercuri-
desilylation 
Obs. 
1. 00 
11.3 
2.59 
10.7 
24.3 
"'160 
29.3 
121 
too fast to. 
measure 
27.2 
43.0 
27.7 
29.3 
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Steric interaction between methyl groups and the 
leaving group in these reactions should accelerate the 
reaction; this effect is clearly occurring in 2-R-m-xylene, 
3-R"':'o-.x:;ylene and R-mesi tylene. Lauer et al. 95 have shown 
the protodedeuteration of benzene and the monoalkyl-
benzenes to be a typical electrophilic substitution reaction. 
Extension of this work to polymethylbenzenes96 gives results 
which agree well with the rates calculated from partial rate 
factors for toluene and correlate well with observed 
basicities. Table XI summarises the rate data. 
TABLE XI 
Relative rates of protodedeuteration of polymethylbenzenes 
Observed Calculated 
benzene 6 6 
toluene 934 934 
.12-xylene 5. 1 x1 o3 3.8x1o3 
.Q-xylene 6.2x103 5.1x1o3 
.m-xylene 1. 8x1 o5 2.8x105 
pseudocumene 5.1 x1 o5 6.5x105 
hemimellitene 6.6x1o5 8.1 xi o5 
durene 1. 7x1 o6 1. 9x1 o6 
mesitylene 5.7x1o7 8.1x107 
isodurene 1. 5x1 o8 2.0x108 
pentamethylbenzene 1. 6x1 o8 3.9x1o8 
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The differences between the observed and calculated 
results, which are larger than those found by Brown for 
mercuration, must arise in part from uncertainty in Lauer's 
value for mf. However, while calculation of of' mf, 
and pf from the experimental rates for ~' m-
- ' 
and 
12-xylene gives values appreciably different from those 
determined directly from toluene (of=218.7, mf=5.8, 
Pr=311.3; values used by Lauer from toluene: of=250, 
mf=3.8, Pr=420), rates calculated from these values are no 
closer to the experimental rates than Lauer's values. 
The foregoing discussion has been limited to the 
methyl benzenes. Extension of the Additivity Principle to 
different substituents, and to variously-substituted benzene 
compounds is straightforward, but little experimental 
evidence is available to allow this application to be tested. 
Some work on the Selectivity Relationship (for example, 
references 97, 98 and 99) gives information for MeO- and 
But- groups, but in every case the large uncertainty in the 
value of mf makes the results of limited value. Stock and 
Baker99 conclude that the Additivity Principle may be less 
satisfactory for substituents other than methyl than it is 
for the methyl group. As this thesis is concerned only with 
methyl substituents, the application of additivity to other 
substituents will not be considered further. 
The experimental results for the polymethylbenzenes 
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discussed shows that the Additivity Principle is capable of 
successfully predicting rates of substitution in the 
reactions studied, generally to within a factor of two in 
rates of the order of 106. Deviations between observed and 
calculated results are generally random, and the only 
systematic variations which have been noted are those 
resulting from buttressing effects in the mercuration and 
the protodesilylation reactions. The use of the Additivity 
Principle to calculate isomer distributions has been tested 
only with the acetylation reaction, which has very large 
steric requirements. No recent work has been reported on 
the application of the Additivity Principle to nitration of 
methylbenzenes, and as nitration is one of the most 
intensively studied aromatic substitution reactions, product 
distributions resulting from the nitration of all the methyl-
benzenes giving more than one isomer have been determined 
and compared with values calculated from the results for 
toluene. 
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The Mills-Nixon Effect 
In 1930 Mills and Nixon100 proposed the structure for 
benzene shown below. 
In attempting to find experimental evidence to support this 
structure they examined the two fused-ring compounds indan 
and tetralin. By making reasonable assumptions about the· 
geometry of the five- and six-membered alicyclic rings, and 
examining the angle deformations required to fuse these 
across the benzene ring, structures I and II were shown to 
be the more stable of the two canonical forms possible for 
each hydrocarbon. 
I 
Tetra tin 
II 
In dan 
Mills,and Nixon considered that the aromatic bonds would be 
effectively fixed in the configurations shown by the higher 
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stability of these two forms. To test this, the bromination 
and diazo-coupling of 5-indanol(III) and 6-tetralol(IV) 
were studied, in the belief that like aliphatic enol systems, 
attack in the phenols would occur at the double bond 
carrying the hydroxyl group. 
Ill IV 
The results were in accord with prediction, substitution 
occurring almost entirely at the positions shown. 
Following this initial paper much experimental work 
appeared in the literature dealing with the possibility of 
bond fixation in indan and tetralin. This has been 
reviewed by Remick101 and by Ruckel. 102 Oxidation 
potentials, 103 chelation studies104 and dipole moments105 
of substituted hydrocarbons gave conflicting results, as 
did reactivity studies. 106 , 107 Kistiakowsky108 concluded 
from heats of hydrogenation studies that no significant loss 
of .aromatic resonance energy occurs in either indan or 
tetralin. Recent NMR studies of long-range spin-spin 
coupling in methylindans and tetralins109 have shown that 
the common bond in indan has a slightly higher electron 
density than a normal aromatic 0-C bond, rather than the 
lower value of the Mills-Nixon configuration. Ozonolysis 
studies of methylindans and tetralins are reported to 
demonstrate slight bond localisation in the opposite 
configuration to that of Mills and Nixon. 110 
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Several quantum mechanical treatments of the Mills-
Nixon effect have been reported. The earliest of these, by 
Sutton and Pauling in 1935111 makes assumptions about bond 
angles in ethylene which are no longer tenable. Wheland112 
makes brief comment on 5-indanol. In 1946, Longuet-Higgins 
and Coulson11 3 showed from molecular orbital calculations 
that the common bond in indan is shorter than an aromatic 
C-C bond. Berthier and Pullman11 4 published carbon free 
valence indices and bond orders calculated using arbi tr•ary 
exchange integrals to allow for hyperconjugative release by 
the methylene groups to the benzene ring. The Qond orders 
indicate a higher double-bond character for the common bond 
in indan than in tetralin, and the free valence indices of 
the l!..!!- i3 carbon atoms are higher than those of the ~- a. 
· carbon atoms.. The free valence indices calculated for 
5-indanol and 6-tetralol are in the order required to 
explain the substitution observed by Mills and Nixon, but 
the differences involved are extremely small. 
Since it seems certain that any bond localisation in 
the aromatic systems of indan and tetralin will be small, 
electrophilic attack on the aromatic nucleus in these 
compounds must be considered to proceed by the usual 
mechanism. The favoured position of substitution (for 
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irreversible attack) will be that giving the most stable 
transition state. The ground state configuration of the 
molecule is of no consequence, since each transition state 
arises from the same ground state. Failure to appreciate 
this point has led to confusion in discussions of the Mills· 
Nixon effect in the literature, and the use, following the 
original paper, of 'reactivity studies as evidence for or 
·against the Mills-Nixon configuration. Such studies can 
give no information about the nature of the ground state 
bonding provided the aromatic system is not too seriously 
distorted. However, the results of Mills and Nixon require 
explanation, and the effect of the fused five- and six-
membered alicyclic rings on the behaviour of the benzene 
ring towards electrophilic attack is a necessary basis for 
any explanation. Examination of the literature shows that 
little reliable information is available. The work of Mills 
and Nixon, 100 and of Schroeter, 11 5 on the hydroxy-der•i vati ves 
·has recently been confirmed by Pascua1, 116 and Granger et 
a1: 17 have studied Friedel-Crafts cyclisation of indan- and 
tetralin-3-propionyl chlorides. Studies of the reactivity 
of the unsubstituted hydrocarbons up to 1960 have been 
reviewed by Berthier and Pullman11 4 and Table XII summarises 
this information. Since this review, Granger et al. 118 have 
reported chloromethylation, and Tanida and Muneyuki 11 9 
nitration of indan and tetralin. (Table XII) The results 
reviewed by Berthier and Pullman are insufficiently accurate 
to be useful, and refer to reactions which are likely to be 
reversible or to involve very bulky attaclcing entities. 
TABLE XII 
Substitution reactions of indan and tetralin 
Reagent 
012 
Br2 
H2so4 
OO/HCl+CuC12/Al01 3 
o~5Br/AlC13 · 
OH 3Br/A1Cl 3 
SOjiCl/CH 3ol-(NHLJ2co3 
HCN/HOl/AlC1 3 
Succinnic anhydride/ 
Al01 3 
. OH 3ocH 201/AcOH 
dimethyl- 13,13 -acrylic 
acid/AlC13 
OHfOCl/AlC13 . 
HNo 3-MeN0 2 
CH 20/HC1 
Position of Substitution 
Indan Tetralin 
-- 66% 13 ' 34% a, 
75% 13, 25% a 
13 13 +small a 
13+others* --
-- 13 +others* 
70% 13* --
45%13 ~:. --
13 * 13 * 
-- 90% 13, 10% a 
-- 70% 13 * 
13 * 13 * 
50% 13, 50% a 51.6% 13,48.4% a, 
80% 13 , 1 O% a 75% 13 , 25% a, 
* Other products not specified. 
Ref. 
114 
114 
114 
114 
114 
114 
114 
114 
114 
114 
114 
11L~ 
119 
118 
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The lack of accurate product analyses from elcctro-
philic substitution reactions of indan and tetralin made the 
study of the nitration of these two hydrocarbons of interest, 
and product distributions were determined in the three 
nitrating systems used. 
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EXPERIMENTAL 
Melting :points were determined on an 11Electrothermal" 
electrically heated melting point apparatus and are not 
corrected. Boiling :points are at 760mm :pressure unless 
otherwise stated. Infrared spectra were obtained on a 
Perkin Elmer model 137 11Infracord 11 using sodium chloride 
plates. Nuclear magnetic resonance spectra were run on a 
Varian A60 machine. Liquid :phases for gas chromatography 
were specially-prepared commercial materials. 
Preparation and Purification of Materials 
(a) Hydrocarbons 
The :purity of the hydrocarbons used for analyses was 
checked by comparison of the infrared spectra with standard 
spectra of the American Petroleum Institute collection, and 
by gas chromatography. Each hydrocarbon was analysed on 
·both an A:piezon "L" and a tricresyl :phosphate column on the 
Pye Argon chromatograph. 
Toluene (Riedel de Haen 11fur Analyse") was dried over 
phosphorus :pentoxide and distilled. It had b.p. 110-111°/ 
758mm (lit. 121 110°), and showed no ~m:purities on the gas 
chromatograph. 
a-Xylene (L.Light and Co.) was purified by Clarke and 
Taylor's sulphonation method. 120 Recrystallisation of the 
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sodium sulphonate followed by steam distillation of the acid 
gave a :prod.uct which boiled at 66° /57mm (lit. 121 50°/35mm), 
and showed no impurities on the gas chromatograph. 
m-X~lene (B.D.H.· Laboratory Reagent) was dried by 
passing down a column of Linde 4A Molecular Sieve, and 
distilled. The :product (b.:p. 139-140°/758mm, lit. 121 139.3°) 
showed no impurity on the gas chromatograph under conditions 
which separated the three xylene isomers. 
Hemimellitene (Halewood Chemicals 98%) was used for 
all reactions without :purification. A small quantity of 
this material :purified on the Megachrom to better than 
99.5% gave product distributions identical with those 
obtained from the commercial material. 
Pseudocumene (L.Light and Co.) was dried by :passing 
down a column of Linde 4A Molecular Sieve. Distillation 
gave a product, b.p. 167-168°/760mm (lit. 121 168-169°), 
which showed less than 1% impurity on the gas chromatograph. 
Tetralin (Fluka 99.9%) was dried by :passing down a 
column of Linde 4A Molecular Sieve. The fraction b.:p. 203-
204 ° /756mm (lit. 121 '207. 3°) showed no im:puri ty on the gas 
chromatograph, and was used for all reactions. 
Indan (Matheson, Coleman and Bell, Reagent grade) was 
used without :purification. It had b.:p. 176-177°/760mm 
(lit. 121 177°), and showed no impurity on the gas chromato-
graph. 
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(b) Reagents and Solvents 
Acetic Anhydride (B.D.H AnalaR) was stored for six 
days over sodium, then refluxed under vacuum for four hours. 
Fractional distillation under reduced pressure gave a major 
fraction, b.p. 43-44°/15mm (lit. 121 44'7'15mm), which was 
retained for use. This fraction showed no trace of the peak 
at about 6 .8p.p.m. in the NMR spectrum, arising from 
the acetic acid-OR prot on. ( 6 from T. M .. S.) 
Ni tromethane(Matheson, Coleman and Bell) was dried by 
passing down a column of Linde 4A Molecular Sieve. Disti 
lation gave a major fraction, b.p. 101-101.5°/760mm 
(lit. 121 101-101.5°), which was retained for use. This was 
the only satisfactory method found for drying nitromethane. 
Other methods gave a solvent which formed a two-phase system 
on addition of the small quantities of sulphuric acid 
required for the reactions. 
Sulpholane(Light's Reagent grade) was dried by pass-
ing down a column of Linde 4A Molecular Sieve. Distillation 
gave a product, b.p. 152°/10mm which solidified at room 
temperature. 
Nitric Acid was prepared by distillation of a mixture 
of one voltune fuming nitric acid (d=1.52) and two volumes 
98% sulphuric acid at room temperature and 2mm pressure. 
The product, collected in a dry ice trap, was colourless and 
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could be stored in dry ice indefinitely. The second distil-
lation carried out by Benford and Ingold37 was unnecessary 
provided distillation was carried out below 35°. Read42 
has shown that the acid obtained by this method contains 
less than 0.005mole percent of nitrite and gives an acid 
titre of 99.8±0.3%. 
Nitronium tetrafluoroborate was prepared from nitric 
acid and anhydrous hydrogen fluoride (I.C.I.) by the method 
of Kuhn and Olah. 30 The final product after washing with 
11Arcton 11311 (I. C. I. Ltd. ) was a white solid which could be 
stored indefinitely over phosphorus pentoxide. The boron 
trifluoride required for this preparation was made from 
KBF4 , B2o3 and concentrated sulphuric acid as described by 
Booth and Willson. 122 
Diacetyl peroxide was prepared by Slagle and Shine's 
method123 as a white crystalline solid. No check on purity 
was made. 
Hydrogen ~eroxide 95-100% was prepared by distil-
lation of 130 vols. hydrogen peroxide solution (with a 
trace of sodium pyrophosphate as stabiliser) under vacuum 
from an oil bath at 60-65° • 124 The fractions used were 
those boiling at 48-50°/14mm and 50-54°/14mm (lit. 124 for 
90-100% 40-45°/10mm). 
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(c) Reaction Products 
The compounds whose preparation is described in this 
section were all shown to give one peak on the Pye Argon gas 
chromatograph except where otherwise stated. Vlhere likely 
side products from the preparation were available, columns 
were chosen which could resolve these impurities from the 
main product. Phenyl acetates frequently contain starting 
material when prepared from the phenol'. Infrared analysis 
and gas chromatography showed the products to be free of 
phenol except in the cases mentioned. 
o-Nitrotoluene and m-nitrotoluene were commercial 
materials redistilled. 
p-Ni trotoluene(Hopkin and Williams 11Purified 11 grade) 
was recrystallised from methanol and showed less than 1% 
oi' the other isomers on the gas chromatograph. It had 
m.p. 54° (li~. 121 54.5°). 
p-Ores~l acetate was prepared from redistilled 
~-cresol by treatment with sodium hydroxide and acetic 
anhydride. 125 Distillation of the crude product gave an 
oil, b.p. 210-211° (lit. 121 212-213°). 
3-Ni tro-o-xylene (L. Light and Co. ) was distilled. It 
had b.p. 96-97°/5mm (lit. 121 131°/20mm). 
4-Nitro-o-xylene (L.Light and Co.) was recrystallised 
three times from ethanoL It had m.p. 29.5-30° (lit. 121 30°). 
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3,4-Dimethylphenol was prepared from purified 4-nitro-
_g-xylene by reduction to the amine followed by diazotisation 
and hydrolysis of the 3,4-dimethylanilinium sulphate in 50% 
sulphuric acid. Standard methods were used in each step. 
The product, obtained in 15% yield, crystallised in two 
forms from 50-70° petroleum ether; needles with m.p. 62.5° 
(lit. 121 62.5°) and granules with m.p. 65° (lit. 121 65°). 
3.4-Dimethylphenyl acetate was prepared from the 
phenol by treatment with sodium hydroxide and acetic 
anhydride. 125 Distillation of the crude product gave an 
oil, b.p. 240-242° (lit. 126 241°), crystallising at about 
15°. 
2,3-Dimethylphenyl acetate was prepared from commer-
cial 2,3-xylenol by the method used for the 3,4-isomer. 
The product had b.p. 222-224° (lit. 126 226-228°). 
2-,.Nitro-m-xylene was prepared in 68% yield from 
commercial m-2-xylidine by peracetic acid oxidation as 
described for 5-nitroindan. The product had b.p. 115-
4-Nitro-m-xylene (Fluka 11 purum") was used after one 
distillation. It had b.p. 120°/4mm. 
2,4-Dimethylphenyl acetate was prepared from commer-
cial 2,4-dimethylphenol' (m.p. 28°, lit. 121 27-28°) by treat-
ment with sodium acetate and acetic anhydride. 127 The 
product was a colourless liquid, b.p. 88-89°/2mm 
( 1 it. 1 21 1 08 °/1 3mm) • 
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. 2 2 6-Dimethylphenyl acetate was prepared from commer-
cial 2,6-dimethylphenol (m.p. 49°, lit. 121 49°), by the 
method used for the 2,4-isomer. The product, a colourless 
oil, had b.p. 92°/2mm. 
Nitrohemimellitenes. A mixture of 4-nitro- and 
nitrohemimellitenes was prepared by nitration of hemimel-
lite)1e with mixed acid. 40ml hydrocarbon were cooled in an 
ice-salt bath and a mixture of 19.7ml of nitric acid 
(d=1.42) and 21.0ml of sulphuric acid (d=1.8) added drop-
wise, with stirring, over 2~ hours, maintaining the temper-
ature between 0 and 10°. Stirring at room temperature 
was continued for a further three hours. The mixture was 
then poured on to crushed ice, dichloromethane added, the 
mixture stirred and the organic layer separated. The 
aqueous layer was extracted with dichloromethane, the 
extracts combined and washed with water, 10% aqueous 
sodium hy~roxide and water, dried (Mgso4 ) and distilled. 
The yellow distillate boiling between 102-110°/2mm was 
fractionated through a Nester-Faust 18u spinning band 
column, taking 2ml fractions. 
4-Nitrohemimellitene was obtained from two 
recrystallisations of fractions 3-12 from 50-70° 
petroleum ether at -50°. The infrared spectrum was 
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identical with the published spectrum. 128 
5-Nitrohemimellitene was obtained by recrystallisation 
of the solid fractions and the still-pot residue. Treatment 
with decolourising charcoal in 50-70° petroleum ether and 
two recrystallisations from methanol gave yellow crystals, 
m.p. 66-67°,(lit. 128 64-65°). 
Dolinsky et al. 128 identified 5-nitrohemimellitene by 
its analysis and the fact that its infrared spectrum was 
consistent with the structure. The nuclear magnetic 
resonance spectra of the two nitrohemimellitenes obtained in 
this work are in agreement with the assignment. The 4-isomer 
shows an aromatic AB quartet centred at 6 = 7.1 p.p.m., 
corresponding to the two non-equivalent 5- and 6-protons. 
In the 5-isomer the two aromatic protons are equivalent and 
a single peak at 6 = 7.7 p.p.m. is obtained. 
3,4,5-Trimeth;yl"Qhenyl acetate was prepared from re-
crystallised commercial 3,4,5-trimethylphenol (m.p. 108-109°, 
lit. 121 107°) in 78% yield by treatment with sodium hydroxide 
and acetic anhydride. 125 The product had m.p. 58-58.5° 
after two recrystallisations from 50-70° petroleum ether. 
(lit. 121 59-60°). 
Nitropseudocumenes. Pseudocumene was nitrated by a 
method similar to that described for hemimellitene, using 
69ml hydrocarbon, 35ml concentrated sulphuric acid and 
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33ml nitric acid (d=1.42) at 0° for 3 hours. After 
extraction, the 01->ude product was distilled at 1mm; 
between 90-100° the distillate was an oil, and between 
100-110° it solidified in the condenser. The solid product 
was almost pure 5-nitropseudocumene (infrared spectrum). 
The liquid distillate gave an infrared spectrum character-
istic of a mixture of 3-nitro- and 6-nitropseudocumenes, 
-1 6 -1 with peaks at 1580cm and 12 Ocm characteristic of 
the nitro esters noted by Dolinsky. 128 The esters were 
removed by heating the liquid distillate with 50ml 1:1 
water-ethanol for 1t hours on a steam bath, extracting the 
mixture with ether, and washing the extract with 50% 
aqueous sodium hydroxide to remove the 3,4-dimethylbenzyl 
alcohol. Evaporation of the ether and distillation of the 
residue gave a product showing no trace of nitro ester in 
the infrared spectrum. Partial separation .of the two nitro 
isomers was achieved by fractionation through an 18" 
Nester-Faust spinning band column. 
5-Nitropseudocumene was obtained from the solid 
distillate by three recrystallisations from methanol as 
white crystals, m.p. 70-70.5° (lit. 128 71-72°), with infra-
red spectrum identical to the published spectrum. 128 
3-Nitropseudocumene. The fractions from the spinning 
band column (b.p. 67-68°/tmm) containing the largest 
proportion of this isomer (infrared spectrum and gas chromate~ 
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gi•aph) were separated on the Megachrom to give 1. 5grn of pure 
3-nitropseudocumene, with infrared spectrum identical to the 
published spectrum. 128 
6-Nitropseudocumene was obtained by recrystallisation 
(from 50-70° petroleum ether) of the fractions from the 
spinning band column containing the largest proportion of 
this isomer. Two recrystallisations at -50° (dry ice-
acetone) gave ~rystals, m.p. 20-22° (lit. 128 19-20°) with 
infrared spectrum identical to the pul;>lished spectrum. 1.28 
2,4,5-Trimeth~lphenyl acetate was prepar from 
commercial 2,4,5-trimethylphenol (m.p. 96°, lit. 121 95-96°) 
by treatment with sodium hydroxide and acetic anhydride. 125 
The product contained phenol (infrared spectrum) which was 
removed by passing the mixture in benzene down a column of 
5% acetic acid-deactivated alumina to give 0.8gm phenol 
and 5.1gm acetate, b.p. 240-244° (lit. 121 241°), 65% yield~ 
. ._ '\. 
2,3,5-Trimeth~lphen~l acetate was prepared from re-
crystallised commercial 2,3,5-trimethylphenol (m.p. 72-72.5°, 
lit. 121 70.5-71.5°) by treatment with sodium hydroxide and 
acetic anhydride. 125 It had b.p. 240-245° (lit. 121 241°). 
Nitroindans. Nitration of indan by mixed acid proved 
impossible to control, but the reaction was successfully 
carried out in acetic acid as solvent. Attempts to isolate 
useful quantities of 4-nitro- and 5-nitroindans from the 
resulting mixture on the Megachrom were unsuccessful. The 
two isomers have very similar retention times, and it was 
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necessary to inject less than 0.1gm to achieve satisfactory 
resolution. 4-nitroindan was obtained from the Megachrom by 
using a sample of the two isomers in which the 4-isomer had 
been concentrated by preliminary fractionation. The 5-isomer 
was synthesised by the method described below. 
4-Nitroindan. 93ml fuming nitric acid and 51ml 
glacial acetic acid were stirred in an ice bath, and 25ml 
indan added over 1 hour, maintaining the temperature between 
20 and 25° with the ice bath. The reaction was quenched 
in water, extracted with ether, the extract washed with 
water, 10% aqueous sodium carbonate and water, dried 
(Mgso4 ) and distilled. The material boiling between 120-140°/ 
2mm (20ml) was fractionated in a Nester-Faust 18 11 spinning 
band column, and the first 10ml distillate refractionated 
to give 4ml containing a high proportion of 4-nitroindan. 
From this material on the Megachrom 1.5gm 4-nitroindan was 
0 obt~ined, m.p. 40-40.5 after two recrystallisations from 
50-70° petroleum ether. (lit. 121 44°) 
5-Nitroindan was prepared from 5-aminoindan, 
synthesised by a method based on the work of Baker. 129 
This synthesis depends on the first step giving the 5-
acetylindan with no 4-isomer, and gas chromatographic 
analysis confirmed this. Baker's method for the Beckmann 
CH ~ 3'c-N~ 
h 
0 
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rearrangement gave low yields, and a method adapted from work 
by Roberts and Chambers13° was used. The oxidation of the 
amine was carried out with peracetic acid, using a method 
developed by Emmons. 131 
(i) 5-Acetylindan. Indan(100gm), carbon disulphide 
(800ml) and acetyl chloride(80gm) were cooled in an ice bath 
and aluminium chloride(120gm) added with stirring over one 
hour. The mixture was refluxed gently until evolution of 
hydrogen chloride ceased, and the hot solution was poured on 
to a mixture of hydrochloric acid (33%, 400ml) and ice(400gm) 
and stirred until the aluminium salts dissolved. The carbon 
disulphide layer was separated, the solvent removed under 
vacuum, the mixture dissolved in ether, dried (Mgso4) and 
distilled •. The product boiled at 138-142°/13mm (lit. 132 
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134-135°/11mm). Yield 103gm, (76%). 
(ii) 5-Indanyl methyl ketoxime. 5-Acetylindan (100@n) 
was dissolved in ethanol (500ml) and water (300ml), and 
hydroxylamine hydrochloride (75gm) and sodium acetate 
(200gm) added. The mixture was rerluxed ror rour hours on a 
steam bath, the white crystals filtered, washed with water 
and dried. Yield 109gm (99%), m.p. 116.5-117.5°, 
(lit. 132 1190). 
(iii) N.-acetyl-5-aminoindan. 5-Indanyl methyl ketoxime 
(109gm) was dried under vacuum and suspended in dry ether on 
an ice bath. Phosphorus pentachloride (75gm) was added with 
stirring over two hours. The mixture was stirred for a 
further t hour, poured on to ice and the ether layer 
separated. The aqueous layer was extracted twice with ether, 
the total extract washed with aqueous sodium carbonate, 
dried and the solvent removed. The white crystals of 
N-acetyl-5-aminoindan after recrystallisation from ligroin, 
·had m.p. 106° (lit. 132 108°). Yield 65gm (60%). 
(iv) 5-Aminoindan. N-acetyl-5-aminoindan (20gm) was 
dissolved in ethanol (30ml) and boiled gently for four hours 
with hydrochloric acid (33%, 100ml). The mixture was poured 
on to ice, made alkaline with sodium hydroxide, extracted 
with ether and dried (Mgso4 ). Distillation gave a solid 
which after one recrystallisation from ligroin had m.p. 36-
370 (lit. 132 37°). Yield 6.5gm (43%). 
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(v) 5-Nitroindan. Chloroform (30ml) was stirred vigor-
ously on an ice bath and hydrogen peroxide (90-95%, 7ml) and 
sulphuric acid (1 drop) added. Acetic anhydride (30ml) was 
then added dropwise over ~ hour and the flask removed from 
the ice bath. The opalescent solution rapidly became hot 
and cleared. Chloroform (20ml) was added and the mixture 
brought rapidly to boiling. 5-Aminoindan (6.5wn) in chloro-
form (13ml) was added over 15 minutes, the heat of reaction 
keeping the liquid boiling without external heating. The 
solution was refluxed for one hour, poured on to water, and 
the organic layer separated, washed with water, 20,(1~ aqueous 
sodium hydroxide, 10% hydrochloric acid, and water, dried 
(Mgso4 ) and distilled to give 3.1gm (36%) of yellow solid. 
Recrystallisation from 50-70° petroleum ether gave white 
crystals, m.p. 38-39° (lit. 132 40-40.5°). 
The observed melting points of the two nitroindans 
are not sufficiently different to allow positive identifi-
cation. The infrared substitution patterns in the 650-
900cm-1 region of the spectrum must be treated with caution 
in assigning structures to aromatic nitro compounds; the 
nitroindans both show quite complex absorptions in this 
region, with major bands at 730cm-1 , 800cm-1 (4-nitro) 
and 810cm-1 , 870cm-1 (5-nitro), corresponding to 1,2,3-
trisubstitution and 1,2,4-trisubstitution respectively. The 
NMR spectra allow unambiguous characterisation. Both 
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isomers show f'i ve peaks centred at o =2. 2 ( ·t : L~: 6: Lj.: 1 ) 
corresponding to the central methylenic protons. In the 5-
nitro compound the other two equivalent methylene groups 
appear as a triplet at o =3. 0, while in the /.1--ni tro 
compound these appear as two triplets centred at o =3. 0 
and 3.4. The three aromatic protons absorb in two sets at 
o =7.4 and 7.9 in both compounds, proton ratio 1:2 in 
the 4-isomer and 2:1 in the 5-isomer corresponding to the 
shift of' one proton in moving from 4-nitroindan with one 
proton ortho to the nitro group to 5-nitroindan with two 
ortho protons. 
5-Indanyl acetate was prepared by the following 
synthesis. 1 33 
00 KOH 
(i) Indan-5-sulphonic acid, sodium salt. Concentrated 
sulphuric acid (50ml) was added slowly to indan (50ml) 
stirred in an ice bath. Stirring was continued at room 
temperature for 12 hours. The mixture was poured into 
water (25ml) and allowed to cool, the resulting solid mass 
broken up, filtered at the pump and dried under vacuum. 
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Attempts to recrystallise the acid in 20% sulphuric acid133 
hydrolysed much of .the product. The solid was dissolved in 
water, neutralised with solid potassium hydroxide and the 
solution chilled. The white sodium sulphonate was filtered, 
dried at the pump and oven-dried at 110°. Yi d Lj.Ogm 
( 47%). 
(ii) 5-Indanol. Indan-5-sulphonic acid, sodium salt (45gm), 
finely powdered and mixed with zinc dust (2.25gm), was added 
over ten minutes to potassium hydroxide (330gm) melted in a 
copper pot and maintained at 260-300°. The mixture was 
stirred after each addition, and for a further 20 minutes 
at 260°. When cool, the solid was dissolved in water 
(800ml) and acidified slow:t.y with concentrated hydrochloric 
acid. The acid solution was extracted three times with 
ether, the extracts washed with water, 10% aqueous sodium 
carbonate and water, dried (Mgso4) and the solvent r·emoved. 
Distillation gave white crystals, b.p. 102-104°/imm, 
m.p. 53-54° after two recrystallisations from 50-70° 
petroleum ether (lit. 121 54°). Yield 6.6gm (12%). The 
infrared spectrum of the product was identical with the 
published spectrum. 1 34 · 
(iii) 5-Indanyl acetate. 5-Indanol (6.0gm) was treated 
with acetic anhydride and sodium hydroxide to give 5.5gm 
(66%) 5-indanyl acetate, b.p. 126-130°/2mm (lit. 132 
i 36° /18mm), showing no 0-H band in the infrared. 
5-Ni trotetr•alin was prepared from the amine by per-
acetic acid oxidation as described for 5-nitroindan. 
5,6,7,8-'J.'etrahydro-1-naphthylamine (L.Light and Co.) was 
freshly distilled, b.p. 125-127°/3mm (lit. 132 146°/12mm) 
and oxidised to give 5.3gm (60%) 5-nitrotetralin, 
m.p. 31-32° after two recrystallisations from methanol 
(lit. 1 21 34 °) . 
6-Ni trotetralin was prepared from the amine by per•-
acetic acid oxidation. 5,6,7,8-Tetrahydro-2-naphthylamine 
(L.Light and Co.), freshly distilled, had m.p. 39-40° 
(lit. 132 38.5-39.5°). 7.4gm gave 6.ogm (70%) 
6-nitrotetralin, m.p. 29-30° after one recrystallisation 
from methanol and two from 50-70° petroleum ether 
(lit. 121 31 °). 
6-Tetral~l acetate was prepared by a method similar 
to that used for 5-indanyl acetate. Sulphonation of 
tetralin at 60° for several hours and fusion of the 
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res~lting sulphonic acid gave a mixture of 5- and 6-
tetralols (infrared spectrum134), and more drastic conditions 
were used for the sulphonation. The 5-sulphonic acid is 
much less soluble in cold chloroform than the 6- acid132 
and this solvent was used to remove any small quantity of 5-
acid from the sulphonation product. 
(i) Tetralin-6-sulphonic acid, sodium salt. Tetralin 
(50ml) and concentrated sulphuric acid (50ml), stirred 
together for 12 hours at room temperature, and on a 
boiling water bath. for a further 8 hom. .. s, gave a syrup 
which on mixing with water ( 25ml) formed a solid magma. 
This was recrystallised three times from sulphuric acid 
(50%, 400ml) and dried. The solid was stirred vigor-ously 
with cold chloroform (400ml) and the suspension filtered. 
The acid was extracted from the chloroform into water 
(250ml), precipitated with concentrated sulphuric acid 
(250ml), filtered and dried. The sodium salt was precipi-
tated from aqueous solution of the acid with solid sodium 
hydroxide, filtered and dried at 110°. 
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(ii) 6-Tetralol was prepared by fusion of the sodium 
sulphonate (30gm) as described for 5-indanol. The solid 
product from the final distillation was recrystallised from 
ligroin, m.p. 59-60°, and 50-70° petroleum ether, m.p. 53-
550 (lit. 132 for the dimorphic phenol 53-54° and 60-61°). 
Yield 8gm (39%). The phenol showed no trace of the 5-
isomer in the infrared spectrum. 134 
(iii) 6-Tetralyl acetate was prepared by acetylation of the 
phenol with sodium hydroxide and acetic anhydride. 125 The 
product, b.p. 132-133°/6mm (lit. 132 158°/14mm) contained 
about 5% impurity (phenol) which was removed on the 
Megachrom. The. final product showed no impurity on the 
Pye Argon. 
Identification of Reaction Products 
Wherever possible the Megachrom was used to isolate 
pure samples of each component from reaction mixtures. 
Nitro compounds obtained in this way were identi~ied by 
comparison of their infrared spectra with published spectra 
and with the spectra of authentic materials, and by their 
physical constants. Phenyl acetates were readily recog-
nised by their carbonyl band at 1730-1790cm-1 and the 
intense 1190-1220cm-1 band of the C-O bond. 135 
Hydrolysis of the acetate allowed characterisation of the 
phenol and identification of the parent acetate. 
In several cases the Megachrom could not resolve the 
components of a reaction mixture, or could do so only with 
such low sample loadings that collection o~ components 
became impossible. In these cases, samples su~ficient for 
infrared analysis were collected from the gas density 
chromatograph. The spectrum, together with retention times 
on two columns, allowed positive identification of the 
material. All compounds isolated, including phenols from 
acetate hydrolyses, were checked for purity on two 4' 
columns in the Pye Argon chromatograph. (10% Apiezon L on 
80-1.00 mesh Celite and 10% PEGA on 80-120 mesh Celite). 
Unless otherwise stated, only one peak was obtained on both 
columns. 
The Figures referred to in this section are placed 
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after the tables of results in the Results section, 
pp. 129-134. 
Toluene 
Nitration in ni trio acid-acetic anhydride gave four• 
products (Fig. 3) separated on the Megachrom. o-
- ' 
m-
- ' 
and ~-Nitrotoluenes were identified by their infrared 
spectra and retention times. ~-Cresyl acetate was isolated 
as a colourless oil whose infrared spectrum and retention 
time were identical with those of authentic ~-cresyl 
acetate. Hydrolysis of the acetate with 10% aqueous 
sodium hydroxide gave ~-cresol, m.p. 33-34° (lit. 121 34°), 
infrared spectrum identical with authentic material. 
Nitration in nitric acid-nitromethane and in 
N0 2BF4-sulpholane gave 2-, m-, and ~~nitrotoluenes 
identified as described above. 
a-Xylene 
Nitration in nitric acid-acetic anhydride gave three 
products (Fig. 4). 3-Nitro- and 4-nitro-~-xylene were 
identified by infrared spectra and retention times. 3,4-
Dimethylphenyl acetate was isolated (Megachrom) as a white 
solid, m.p. 22° after recrystallisation from methanol. 
(lit. 121 22-22.5°). The infrared spectrum and retention 
time were identical with those of an authentic sample. 
(Found: C, 73.2; H, 7.9; O, 19.3. Calc. for c10H12o2: 
C, 73.2; H, 7.3; O, 19.5%). The ester was hydrolysed 
with 10% aqueous sodium hydroxide to 3,4-dimethylphenol, 
m.p. 62.5° after one recrystallisation from 50-70° 
petroleum ether. (lit. 121 62.5°). (Found: C, 78.4; 
H, 8.0; 0, 13.3. Calc. for c8H10o: C, 78.7; H, 8.2; 
0, 13. 1~6). The infrared spectrum of the phenol was identical 
with that of an authentic sample of 3,4-dimethylphenol and 
with the published spectrum. 134 The Pye Argon chromato-
graph completely separates 2,3- and 3,4-dimethylphenyl 
acetates on a 4', 10% Apiezon 1 column at 125°; reaction 
mixtures run under these conditions showed no trace of the 
2, 3- isomer. 
Nitration in nitric acid-nitromethane and in N0 2BF4-
sulpholane gave 3-nitro- and 4-nitro-~-xylenes, identified 
by their infrared spectra and retention times. 
m-Xylene 
Nitration in all three systems gave 2-nitro- and 4-
nitro-_m-xylene as major products (Fig. 5). These were 
·isolated (gas density chromatograph) and shown to have infra-
red spectra and retention times identical with authentic 
materials. No trace of 5-nitro-.m-xylene could be found. 
Nitration in nitric acid-acetic anhydride gave a small 
quantity of a third component which had retention times on 
two columns identical with those of 2,4-dimethylphenyl 
acetate but different from those of 2,6-dimethylphenyl 
acetate. This compound could not be isolated. 
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Hemimellitene 
Nitration in nitric acid-acetic anhydride gave four 
products, the first two of which could not be completely 
resolved. (Figs. 6,7). By trapping only part of these 
components (Megachrom), samples were obtained containing 
less than 5% of the interfering material, allowing posi-
tive identification. 4-Nitrohemimellitene, isolated as a 
yellow oil, had infrared spectrum and retention times 
identical with authentic materiaL 5-Ni trohemimell i tene 
isolated as a solid, had m.p. 65-66° after one 
recrystallisation from methanol (lit. 128 64-65°). It had 
infrared spectrum and retention times identical with 
authentic material. 2,3,4-Trimethylphenyl acetate isolated 
as a c.olourless liquid, had b.p. 239-241° (lit. 121 239-241°). 
Hydrolysis in methanol-sulphuric acid gave 2,3,4-trimethyl-
o ( . 121 0) phenol, m.p. 80.5 l~t. 81 infrared spectrum identical 
with published spectrum; its phenylurethan derivative 
melted at 127° (lit. 121 127°). 3,4,5-Trimethylphenyl 
acetate isolated as a solid had m.p. 59° after one re-
crystallisation from 30-40° petroleum ether (lit. 121 59-
600), infrared spectrum identical with authentic material. 
(Found: O, 73.4; H, 8.1; O, 19.0. Calc. for c11H14o2 : 
0, 74.2; H, 8.1; O, 17.9%). Hydrolysis in methanol-
sulphuric acid gave 3,4,5-trimethylphenol, m.p. 106.5-107.5° 
after recrystallisation from 30-40° petroleum ether (lit. 121 
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107°), infrared spectrum identical with authentic material. 
(Found: c, 79.4; H, 8.8; o, 11.8. Calc. for c9H12o: 
C, 78.8; H, 8. 5; 0, 12.1 %) • The two phenylacetates were 
incompletely resolved, but each showed only the isomeric 
compound as impurity on the Pye Argon. 
Nitration in nitric acid-nitromethane and N0 2BF4-
sulpholane gave 4-nitro- and 5-nitrohemimellitene identified 
as described above. 
Pseudocumene 
Nitration in nitric acid-acetic anhydride gave a 
mixture of products which could not be completely resolved 
on either the Megachrom or the gas density instrument. 
( ) 0 ( . 1 28 Figs. 8, 9 • 5-Nitropseudocumene had m.p. 70 llt. 71-
720) after two recrystallisations from methanol. The infra-
' ' 
red spectrum and retention times were identical with 
authentic material. 6-Nitropseudocumene isolated as an oil, 
had infrared spectrum and retention times identical with 
authentic material. 2, 3, 6-TrimethylphenyLacetate was 
isolated as an oil from the gas density instrument. It 
-1 -1 
showed phenyl acetate bands at 1790cm and 1190-1220cm 
and a band at 840cm-1 consistent with a 1,2,3,4-tetra-
substituted benzene. The component corresponding to the 
fourth peak (Fig. 9) was collected from the gas density 
chromatograph as an oil with an infrared spectrmn character-
istic of a mixture of 3-nitropseudocumene and 2,4,5-tri-
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methylphenyl acetate. The Pye Argon chromatograph showed 
two peaks from this component (4' x ~n column, 10% ApiezonL, 
175°) which had retention times identical with authentic 
3-nitropseudocumene and 2,4,5-trimethylphenyl acetate. 
Hydrolysis of the products from these reactions with methanol-
sulphuric acid removed the acetates, leaving the three nitro 
isomers (Fig. 10), which were collected and ident i:fied as 
described above. 
Although 2,3,5-ti'imethylphenyl acetate and 2,1.~,5-tri­
methylphenyl acetate cannot be resolved on the Pye Argon 
using any available liquid phase, the mixed peak is considered 
to contain less than 5% of the 2,3,5-isomer because of the 
absence, in the infrared spectrwn of the mixture, of the 
strong band at 910cm-1 found in the spectrum of the 
2,3,5-isomer. 
Nitration in nitric acid-nitromethane and in N0 2DF 4-
sulpholane gave the three nitropseudocumenes, identified as 
described above. (Fig. '11) 
Indan 
Nitration in nitric acid-acetic anhydride gave three 
products (Fig. 12), each isolated on the Megachrom. 
4-Nitroindan had m.p. 40.5-41° after one recrystallisation 
from· 50-70° p'etroleum ether (lit. 121 44-45°, authentic 
sample 40-41°). 5-Nitroindan had m.p. 37-37.5° after one 
recrystallisation from 50-70° petrolewn ether (lit. 132 
40-40.5°, authentic sample 38-39°). Reduction of 5-nitro-
indan with tin and HCl gave 5-aminoindan, m.p. 36-38° 
(lit. 132 37-38°), acetyl derivative m.p. 105-106° after 
recrystallisation from hot water (lit. 132 105-106°). Both 
nitro isomers had infrared spectra and retention times 
identical with authentic materials. 5-Indanyl acetate, 
isolated as a colourless oil, had b.p. 125-130°/2mm 
(lit. 132 136°/18mm), and infrared spectrum and retention 
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times identical with authentic 5-indanyl acetate. Hydrolysis 
in methanol-sulphuric acid gave 5-indanol, m.p. 53-53.5° 
after recrystallisation from 50-70° petroleum ether 
(lit. 121 54°), infrared spectrum and retention times 
identical with authentic material. 
Nitration in nitric acid-nitromethane and in N0 2Blill.J.-
sulpholane gave 4-nitro- and 5-nitroindans, identified as 
described above. 
Tetralin 
Nitration in nitric acid-acetic anhydride gave three 
products (Fig. 13). 5-Nitrotetralin was isolated as a solid, 
m.p. 31-31.5° after one recrystallisation from methanol 
(lit. 121 34°). 6-Nitrotetralin, isolated as a solid, had 
m.p. 30-30.5° after one recrystallisation from methanol 
(lit. 121 31°). ·Both nitro isomers had infrared spectr·a and 
retention times identical with authentic materials. 6-
Tetralyl acetate, isolated as an oil, had infrared spectrum 
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and retention times identical with those of authentic 
material. Hydrolysis in methanol-sulphuric acid gave 6-
tetralol, m.p. 59-60° after one recrystallisation from 
50-70° petroleum ether (lit. 132 61-62°), infrared spectrum 
identical with authentic material. 
Nitration in nitric acid-nitromethane and in N0 2BF4-
sulpholane gave 5-nitro- and 6-nitrotetralin. These were 
identified as described above. 
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Reaction Procedure 
All reactions for analysis were carried out in the 
apparatus shown in Fig. 14. The tap of the dropping funnel 
was lubricated with Dow-Corning Silicone Stopcock grease, 
which resisted attack by the nitrating mixtures used. In 
general, five identical reactions were carried out at the 
same time. The flasks were clamped in a lagged bath 
containing ice-water for reactions at 0°, or water thermo-
statted to 25°+0.25°. Hydrocarbon, dissolved in the 
solvent, was stirred mechanically in the flask until the 
mixture reached bath ·temperature, then the nitrating mixture 
was added dropwise with continuous stirring. When the 
reaction time had elapsed the mixture was quenched with 
water (50ml), extracted twice with ether (20mi), the ether 
extract washed twice with water, dried over anhydrous 
magnesimn sulphate and the drying agent removed by filtration 
through a sintered glass funnel. The solvent was removed at 
80° under vacuum with a rotary evaporator, and the resulting 
samples used for analysis. 
Table XIII gives the compositions of the mixtures 
used, and the reaction times., 
f<eac tion Vessel 
F 
TABLE XIII 
c~~wosition of reaction mixtures and reaction times. 
System Contents of 
Reaction 
Vessel 
Contents of 
Funnel 
HNo 3-MeN0 2 1ml hydrocarbon 1ml HN0 3 
a 5ml MeN0 2-H 2so4 2ml MeN0 2 
Mixing ITotak 
Time 1R eac t 
rfime 
I 
.1. h 2 r. 1 ~-hr • 
-~ hr. 1~ hr. 
2ml NO 2BF4- -~ hr. 
N0 2BF4-
sulpholane 1ml hydrocarbon thr. 
5ml sulpholane sulpholane sol~ 1: 
a The nitromethane-sulphuric acid mixture was a standard 
solution 0.08M in sulphuric acid. 
b The N0 2BF4-sulpholane solution was a standard solution 
O. 63M in N0 2BF4• 
Effect of changing reaction conditions 
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Volumes of liquids used were measured with B-grade 
pipettes, and for convenience the same volume of each hydro-
carbon was used in all reactions. The three reaction 
systems did not have corresponding reagents at equivalent 
concentrations. It is important therefore that the reactions 
are insensitive to changes in reactant concentrations over· 
reasonable ranges. Tables XIV to XVI show this to be so. 
''< TABI,E XIv·· 
Product distribution from the reaction of ~-xylene 
with nitric acid-acetic anhydride at 0°. 
Changes in reactant concentrations. 
[ o-Xylene] + [ HNO 3 ]+ Product anal~sis (mole 1-1 ) (mole 1-1 ) A B c 
~< 2.73 1. 6 56.7 1 L~. 0 29.4 
2.0 1.6 56.2 14 .. 9 28.9 
4.1 1 e 6 56.8 15.0 28.3 
5 .. 6 1. 6 57.8 13.3 29.0 
2.73 0.2 55.8 14.8 29.4 
2.73 2.4 55.8 13.5 30.7 
* Standard reaction. 
* Concentrations in moles per litre of acetic anhydride 
present in final mixture. 
' 
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A = % 4-acetoxy- B = % 3-ni tro- 0 = % 4-nitro-~-xylene. 
* In this and the following tables in this section, phenyl 
acetates are named as acetoxy derivatives of the 
hydrocarbons .. 
TABLE X:V 
Product distribution from the reaction of ~-xylene 
with nitronium tetrafluoroborate-sulpholane at 25°. 
Changes in reactant concentrations. 
[o-Xylene ]+ [ N0 2BF4 ]+ Product analysis 
85 
(mole 1-1 ) (mole 1-1 ) % 3-nitro- % ~.-nitro-
* 
1. 04 0.15 72.3 
0.55 0.16 72.5 
1. 85 0.17 72.2 
0.91 0.09 71.2 
0.65 0.24 73.0 
* Standard reaction mixture. 
+ Concentrations in moles per litre of sulpholane 
present in final mixture. 
27.7 
27.7 
27.8 
28.8 
27.0 
TABLE XVI 
Product distribution from the reaction of ..Q-xylene 
with nitric acid-nitromethane at 0°. 
Changes in reactant concentrations. 
[ o-Xylene ]+ [H 2so4 ]+ Product analysis 
86 
(mole 1-1 ) (mole 1-1 ) % 3-nitro- -; {o Lt-ni tro-
1. 04 0.18 58.8 41.2 
1. 04 0.09 58.1 41.9 
* 1.04 0.045 57.2 42.8 
1..04 0.023 56.0 41.~. 0 
0.'05 0.045 56.8 43.2 
2.10 0.045 57.5 42.5 
~:c Standard reaction 
+ Concentrations in moles per litre of nitromethane 
present in final mixture. 
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Effect of changes in temperature 
Two of the.reaction series, HN0 3-Ac 2o and HNo 3-MeN0 2 , 
were carried out at 0°. The N0 2BF4 nitrations must be 
carried out at 25° or the system solidifies. Examination 
of Table XXIV (p. 106) shows that the nitro:acetoxy product 
ratio for'_Q-xylene is higher at 25° than at 0°, but that 
the ratio of the two nitro-_Q-xylenes is constant. 
Table XXXVIII (p. 121) shows that there is no significant 
difference in product distributions for nitration of a-
xylene in nitric acid-nitromethane at 0° and' at 25°. 
Test of extraction procedure 
It is important to show that the extraction procedure 
used does not alter the product distribution; i.e., that 
some products are not preferentially extracted. The acetoxy 
products might be expected to be susceptible to hydrolysis; 
for this reason no alkali was used during extraction. 
Mixtures of 3-nitro-, 4-nitro-, and 4-acetoxy-_Q-xylene were 
made up in the three reaction solvents and analysed before 
and after being subjected to the extraction procedure. The 
results are shown in Table XVII. No significant change 
occurs during extraction. 
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TABLE XVII 
Test of Extraction Procedure 
~ Nitro-o-xylenes in acetic anhydride 
~ Percentage before extraction 
3-nitro- 4-nitro- 4-acetoxy 
1 
2 
3 
4 
26.3 
48.2 
47.9 
Lt-8. 0 
32.3 
21.5 
22.3 
21.2 
41.4 
30.4 
29.8 
30.9 
Percentage after extraction 
3-ni tro- 4-ni tro- Lt--acetoxy 
26.2 
48.3 
46.9 
48.5 
31.8 
21.7 
22.5 
20.9 
42.0 
30.0 
30.1 
30.6 
~ Nitro-o-xylenes in nitromethane 
Run Percentage before ext'raction Percentage after extraction 
1 
2 
3 
4 
j-nitro- 4-nitro~ 
74.1 
70.9 
70.1 
71 .. 2 
25.9 
29.1 
29.9 
28.8 
3-ni tro-
75.2 
71.4 
70.2 
71.0 
24.8 
28.6 
29.8 
29.0 
~ Nitro-o-xxlenes in sulpholane 
E]n Percentage before extraction 
j-nitro- 4-nitro-
1 
2 
3 
4 
74 •. 1 
70.9 
70.1 
71. 2 
25.9 
29.1 
29.9 
28 .. 8 
Percentage after extr-·action 
3-nitro- 4-nitro-
75.0 
71.2 
71.6 
71.5 
25.0 
28.8 
28.4 
28.5 
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Gas ,Chromatography 
The two instruments used for• quantitative analysis in 
this work were a Beckman 11 Megachrom11 preparative gas chroma-
•'·' 
tograph and an analytical instrument constr•ucted for this 
investigation. 
The Megachrom is the first commercial gas chromate-
graph capable of separating up to 15gm of a mixture in a 
single run. Although it has large sample-handling capacity, 
the instrument has disadvantages for both the prepar•ative 
and analytical work carried out. A very limited choice of 
satisfactory liquid phases, very large column volumes and 
tedious and lengthy column packing and changing procedures 
reduce its ve~satility. The high percentage (35%) of liquid 
phase required necessitates the use of higher colurrm and 
inlet temperatures than necessary with analytical 
instruments. This is important since many of the nitro 
compounds .. studied tend to decompose on the column and in the 
inlet. · The small amount of carbon formed in the inl from 
the first fevt injections appeared to accelerate decompo-
sition of subsequent samples, particularly large prepar•ati ve 
samples, and the inlet of the instrument became blocked with 
carbon. To overcome this a demountable stainless steel 
inlet was built and installed. This inlet was dismantled 
and cleaned frequently. A further consequence of this 
decomposition was that most high-boiling components trapped 
from the instrument had either to be recrystallised or 
distilled. 
Trapping efficiencies on the instrument tend to be 
low for two reasons. Firstly the high linear gas velocity 
through the traps causes sample loss particularly of high-
boiling components which tend to fog on cooling. This was 
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overcome very largely by the use of the re-entry trap 
·described by Beckman. 136 Secondly~ because the flow through 
the detector capillary and the main sample line beyond the 
stream splitter are not exactly matched, sample passes 
through the detector and the trap at different times. The 
time delay varies with the operating temperature. This can 
be overcome by calibration (trapping at different times over 
a series of runs) if sufficient material is available, but 
makes difficult eff'ective separation of components with 
similar retention times. 
The Megachrom may be successf'ully used as an analy-
tical chromatograph. It is not particularly sensitive as 
only a small f'raction of the total sample is detected. 
r 
About 0.025gm of' a component is required to produce a 
useful peak on a 1mV recorder at Attenuation 2. The f'our 
element katharometer has exceptionally high long-term 
stability and instrument conditions can be duplicated from 
day to day to give reproducible recorder responses. For 
this reason the instrument was used f'or the lengthy cali-
brations required for the nitrogen balance described on 
p. 100. Calibration for recorder response is necessary, as 
the katharometer response varies with the component 
detected. 
The Gas Densi t;y: chromatograph 
The Megachrom proved unable to completely resolve 
most of the reaction products studied. An analytical 
instrument using *" I.D. columns was constructed utilizing 
a Gow-Mac Model 091 Gas Density detector fitted with W-2 
filaments and 99990-1 power supply. ,The chromatograph was 
built to a standard isothermal, single column design using 
helical columns up to 20 ft. long. F'low control was 
provided in sample and refer·ence gas lines by rotameters, 
and column temperature control by a Fielden TcB7 controller 
with a switching differential of 0 0.5 • The detector oven 
temperature was set by varying the voltage to the elements. 
Sample collection from this instrument was achieved in two 
ways. For recording infrared spectra of eluted components 
·a 2mm x 100mm melting point tube~ connected to the 
detector outlet and cooled with a length of cloth soaked in 
acetone, proved satisfactory. Injection of 5~1 of 
component allowed.sufficient material to be collected for a 
good spectrum. When larger samples were required 
repetitive injections were made and the component collected 
in a 411 x *11 test tube cooled in dry ice-acetone and 
flushed with carrier gas before use. The eluted gas stream 
was led into the tube by a length of hypodermic needle 
through a silicone rubber plug. Samples collected by this 
method were suitable for use for NMR analysis, and for 
microchemical analysis after distillation to remove traces 
of eluted liquid phase. Centrifuging the tube allowed the 
sample to be collected at the bottom. 
The Gas Densit~ detector 
The Gow Mac Gas Density detector is the fir 
successful commercial model of the detector invented by 
Martin. 137 Although slightly less sensitive than a good 
katharometer, its response is directly proportional to the 
weight concentration of the component in the carrier gas 
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stream, and the constant of proportionality depends only on 
the molecular weights of the component and the carrier 
gas. 138 The theory of the operation of this detector has 
been described by Littlewood. 139 If the peak area for a 
component measured from the recorder trace is A, then the 
corrected area 1 A proportional to the weight of the 
component eluted is given by 
A1 = KA 
where K is the area factor for the component. K is 
given by the expression 
K = 
where M0 is the molecular weight of the component and Mg 
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of the carrier gas. The weight percent of any component in 
the mixture is givE:m by 
1 
Wt % component 1 = A1/ 1 A1 A1 A1 + 2 + 3 + .... 
Thus if the molecular weight of each component is known, the 
composition of the mixture can in theory be found without 
calibrating the instrument. Values of' K used in this worlc 
are given in Table XVIII. 
TABLE XVIII 
Correction factors (K) for the Gas Density Detector 
Hy-drocarbon K for nitro compounds 
toluene 1. 258 1. 230 
..Q-xylene 1. 228 1.207 
m-xylene 1. 228 1 0 207 
hemimellitene 1. 205 1 .1·88 
pseudocumene 1. 205 1.188 
in dan 1. 208 1.190 
tetralin 1 .188 1.173 
Calibration of the Gas Density detector 
The only published study of the behaviour of the Gow-
Mac detector14° has shown that the carrier gas giving the 
highest sensitivity is carbon dioxide, closely followed by 
nitrogen. Nitrogen was used for all analyses carried out 
in the course of this work. Guilleman et al. 14° showed that 
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with carbon dioxide carrier gas, the detector re onse varies 
linearly with the volume of component injected up to a 
maximum sample size of about 5 ).Ll • Tests reported in this 
paper with mixtures of chlorinated hydrocarbons such as 
trichloroethylene and pentachloroethane showed the weight 
response of the detector to be identical for all the com-
pounds used to within about 5%. No information is 
available in the literature about the behaviour of the 
detector with higher boiling materials, and for this reason 
the instrument was calibrated for all the major components 
analysed in the course of this work. Table XIX shows the 
calculation and results for the calibration of 4-nitro- and 
5-nitrohemimellitene and 5-acetoxyhemimellitene. The 
calibration curves for all the major reaction products are 
shown in Figs. 15 to 21. These graphs plot the corrected 
area A1 for each major component in the product from a 
given hydrocarbon against the weight of component injected . 
. For every hydrocarbon the weight responses of the individual 
components are identical to within 1% and the percentage 
compositions of the reaction products may therefore be 
obtained directly from the corrected areas. Percentages of 
uncalibrated minor components calculated in this way were 
assumed to be reliable. The calibration graphs show the 
detector response to be linear up to the largest weight of 
any component.used, and thus no correction for peak size is 
required. 
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Calibration of recorder response for 4-nitro- and 
5-nitrohemimellitenes and 5-acetoxyhemimellitene 
Calibration mixture: 0.09885 g. 5-acetoxy- (A) 
0.10795 g. 4-nitro- (B) 
0.11375 g. 5-nitro- (c) 
0.54298 g • benzene (solvent) 
...r-.....;:;.;__:.......--"-r-'l_· n ..... ·.__e. c t ed W t • g p t • in j e c t e d ( g x 1 o3 ) Corrected area 
Vol ( !J.l) Wt. (gJ Q B c 
1 50 0.04795 5.49 5.99 6. 31 76.5 81.5 83.7 
2 40 0.03890 4.45 4.86 5.12 62.5 69.8 70.7 
3 30 0.02965 3.39 3.70 3.90 46.6 52.5 52.9 
4 23 0.02315 2.65 2.89 3.05 37.6 41.0 42~9 
Column: 15% PEGA on 60-80 mesh Chromosorb P. 
Table XX shows that the product ratio obtained from one 
sample is independent of the volume injected, and therefore 
of the peak heights. 
TABLE XX 
Variation of product analysis with volume injected 
(One reaction product; 
nitration of tetralin in acetic anhydride) 
Volume inject~d Product anal;y:sis 
(!-11) :JA otn ~ <'{C ,J.;;.:;;. 
110 30.7 24.1 45.1 
100 30.3 24.4 45.3 
95 30.3 24.1 45.6 
80 30.8 24.8 4L~. L~ 
65 30.4 25.1 44.6 
50 ~ 1!±& ~5.2 
0 1 0.02 0.14 0.16 
0 2 0.6 0.7 1 • 1 
A = 6-acetoxy B = 5-nitro C = 6-nitro 
o 1 = Standard deviation from mean for results in this table. 
o 2 = .standard deviation from mean for complete analysis. 
(Table XXIX). 
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Peak ~reas were calculated from the chart as the 
product of peak height and width at half height. This has 
proved to be one of the most reliable graphical methods 
with symmetrical peaks; column conditions used in this vtork 
were adjusted to give symmetrical peaks for all analyses. 
Checks on peak areas made with a planimeter gave the srune 
product analyses in all cases. By suitable choice of chart 
speed the errors in measuring peak areas could be made much 
smaller than the deviations between results from successive 
reactions. Duplicate analyses on the same reaction mixture 
showed that the variation between different reactions in 
the same set was the factor limiting the precision v1ith 
which the analyses could be carried out. Table XXI shows 
representative data. 
Column conditions for chromatographu 
The column packing and temperature used for each 
analysis are specified in the tables. The most successful 
column packing for mixtures of acetoxy and nitro hydro-
carbons was polyethyleneglycol adipate (PEGA), and for many 
reaction mixtures this was the only liquid phase available 
which would resolve the components. At the column tempera-
tures required PEGA bleeds rapidly from the column. At 
temperatures above 200°, a new column was required about 
once each week. At 230° bleed rate was so high that the 
Duplicate analyses of the same reaction mixture 
Volume injected Product distribution 
( Ill) %4-nitro %5-nit:r:•o 
80 57.2 42.8 
80 57.2 42.8 
80 5}. 9 42. 1 
80 57.7 42.3 
Standard deviation for 
complete analysis (Table XXXV) = 1. 3 1.3 
Volume injected 
( ~1) %6-acetoxy %5-nitro %6-nitro 
100 30.3 24.4 45.3 
100 30.3 23.9. 45.8 
100 30.5 24.8 44.7 
Standard deviation for 
complete analysis 
(Table XXIX) = 0.6 0.7 1 • 1 
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materi could be detect in the infrared ectra of 
collected component·s. Other liquid phases used were phenyl-
diethanolamine succinate (PDEAS), Apiezon 11 J 11 , and a mixture 
of 33% Carbow ax 20M and 66% Apiezon 11 J 11 • All columns 
were 6 ft. long and packed with 15% liquid phase by 
weight on either 80-100 mesh C-22 firebrick, 60-80 mesh 
Chromosorb P or 60-80 mesh Chromosorb P HMDS, (Chromosorb 
HMDS is a Johns-Manville product, Chromosorb P, treat 
with hexamethyldisilazane). 
100 
l' 
Determination of nitrite formed in 
An attempt was made to estimate the amount of nitrite 
formed during the reaction of 2-xylene with nitric acid in 
acetic anhydride. The Griess-Ilosvay test for nitrite was 
used to estimate the nitrite formed and an internal standard 
used in the reactions to allow measurement of the amounts of 
acetoxy- and nitro-2-xylenes produced. 
Several modifications of the Griess-
Ilosvay test used by Benford and Ingold37 were tried. The 
most successful procedure is described. At the completion 
of the reaction the mixture (about 4ml) was made up to 5ml 
with acetic anhydride. 1ml of this solution was quenched 
with 30ml sodium hydroxide (15% W/V in distilled water). 
The oil was removed with carbon tetrachloride and the non-
aqueous layer extracted twice with sodium hydroxide 
solution. The total aqueous extract was made up to 100ml 
in a standard flask and 2ml of this solution made up to 
25ml. To 1ml of this solution in a 50ml standard flask 
were added 1ml of a 2% solution of sulphuric acid in 
distilled water, 1ml of a 1~ solution of sulphanilic 
acid in distilled water and 10ml distilled water. After 
10 minutes 1ml of a 1% solution of a -naphthol in 
distilled water was added to the flask and the mixture made 
up to 50ml with 0.91 ammonia solution (BDH AnalaR). 
The solution developed a deep red colour with an absorption 
maximum at 520m ).1.. Standard nitrite solutions for cali-
bration were made up with AnalaH sodium nitrite sho\·m to 
contain 99.4±0.6% theoretical N0 1 2 by titration with 
permanganate. Measurements were made at 520m !1- on a 
Hilger 11Uvispek11 spectrophotometer. The calibration graph 
for nitrite is shown in Fig. 22. 
Estimation of acetoxy- and nitro- hydrocarbon. 'l'he Megachr-om 
was used for these analyses b~cause its katharometer- has 
much better long-term stability than the gas density 
detector. The standard column packing, 35% W/W Apiezon 11 J 11 
on 40-60 mesh C-22 Firebrick, was used. Mixtures 
containing known weights of 4-acetoxy-, 3-nitr-o- and 4-nitro-
.Q.-xylene in ..Q-xylene solvent were made up, and weighed 
aliquots injected into the Megachrom under standardised 
conditions using an hypodermic syringe fitted with a plunger 
stop. Recorder response figures for these three compounds 
are plotted in Fig. 23. To provide a measure of the total 
reaction mixture injected, .Q.-dichlorobenzene was used as an 
internal standard, and the recorder calibrated for this 
rna terial. (Fig. 24). 
Reactions wer-e·· carried out in the usual way, with 
the use of a weighed amount of nitric acid. At the end of 
the reaction a weighed amount of _g-dichlorobenzene was added 
to the mixture and the total volume made up to 5ml with 
102 
acetic anhydride. 1ml of this solution was used to estimate 
nitrite. The remainder was quenched and extracted in the 
usual way and a weighed sample injected into the chromato-
graph using the same colman conditions as used for the cali-
brations. The peak area for ..Q-dichlorobenzene allowed 
calculation of the fraction of total product injected, and 
areas and recorder response figures for the products gave 
the total yield of acetoxy and nitro compounds. The 
following is a typical calculation; Table XXII gives the 
results. 
(a) Mean optical density of the Gries losvay 
samples from the reaction mixture corresponds to 1.39x10-4 
rnmoles nitrite from the calibration graph. Dilution factor 
is 5x1250. Hence 
Total nitrite produced is 0.88mmoles. 
(b) The chromatogram gives the following peak areas 
from an injection of 0.0943g. 
_g-dichlorobenzene: 
4-acetoxy-,g-xylene:. 
3-nitro-,g-xylene: 
4-nitro-_g-xylene: 
6.56cm2 
23.81cm2 
5.06cm2 
10.38cm2 
P t t t 1 _ 6. 56x1 00 ercen ·of o a product injected - 415xo.o943 = 
Total mmoles products formed: 
4-acetoxy-o-xylene 
3-nitro-_g-xylene 
4-nitro-o-xylene 
23.81x100 
= · 82x16. 8 
5.06x100 
= 
= 61.5x16.8 = 
10.38x100 
= 6Cx16.8 = 
1. 73 
0.49 
3.25mmoles 
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(c) Wt. nitric acid used = 0.2850g. = 
TABLE XXII 
Nitrogen balance ~or ~-xylene in nitric acid-acetic anhydride 
(All columns are mmoles except the last two. ) 
HNo 3 
used 
4-55 
4 .. 68 
5 .. 16 
, .. 
... 
NO I 
-2 
~armed 
o. 88±0.13 
o. 83,±0. 12 
1. 68±0· 25 
Products ~armed :?1INo 3 
l±:: ,2-ni tro ~-nitro 
acetoxy: 
1. 73 0.49 1. 03 71 
1.83 0.51 1.05 72 
2.56 0.73 1.37 90 
Percent nitric acid accounted ~or in terms o~ 
total reaction product. 
~~ NO' 
-2/acetoxy 
o. 51.±0. 08 
o. 46.±0· 07 
o. 66.±0· 1 0 
Spectrophotometer Ca.librati on 
standard nitrite 
;:..... 
..... 
U) 0.6 
c 
tiJ 
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u 
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0 2 4 6 
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RESUL'l'S 
This section contains the tabulated results and the 
figures showing typical chromatograms. The results, 
calculated by the method described in the previous section 
(p. 92) are weight percentages of total product. 
Table XXVIII also shows the chart areas and corrected areas 
from which the results in the table were calculated. In 
this section and in the Discussion, phenylacetates are 
named as acetoxy derivatives of the hydrocarbons to bring 
the numbering into line with that used for the nitro 
products. Thus 3,4-dimethylphenyl acetate becomes 
4-acetoxy-o-xylene. 
Values of o given in the tables are the standard 
deviation from the mean for each set of analyses. 
Chromatograph column and detector temperatures 
used f'or the analyses are given as T0 and TD values in 
the tables. 
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TABLE XXIII 
Product distribution from the reaction of toluene 
with nitric acid-acetic anhydride at 0° 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Mean 
a 
Component percentages 
2.9 58.3 
2.5 58.9 
3.6 57.4 
3.0 58.0 
3.3 57.3 
2.9 56 .. 8 
2.8 58.5 
2.4 59.5 
2.9 58.4 
2.1 61.1 
2.8 58.4 
0.35 1.2 
o. 7 2. 4 
Q 
3. 0 35.8 
2.5 36.2 
2. 7 36.4 
3. 0 36. 1 
2. 9 36.6 
2. 7 37.6 
2.8 35.9 
2.7 35.4 
2. 8 36. 1 
2.8 Jlh.Q 
2. 8 36.0 
0.45 0.9 
o. 9 1. 8 
62.0 
62.0 
61.3 
61.7 
61.0 
60.4 
61.9 
62.6 
61.7 
~ 
61.9 
1. 06 
2.1 
Column:. 15% PEGA on 60-80 mesh Chromosorb P 
T c 190° TD220°. 
A = ~-acetoxy . B =~-nitro C = m-nitro 
~'( 
Calculated as percentage of B + D only. 
38.0 
38.0 
38.7 
38.3 
39.0 
39.6 
38.1 
37.4 
38.3 
~ 
38.1 
1. 06 
2.1 
D = Q-ni tro-
toluene 
TABLE XXIV 
Product distributions from the reaction of ~-xylene 
with nitric acid-acetic anhydride at 0° and 25° 
1 oG 
R C t t rO c t t 25° ~ omponen percen ages v omponen _ per·qen ar;e s _ 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Mean 
0 
B 
55.5 14.6 
56.5 14 .• 3 
57.5 13.9 
55.6 14.2 
56.7 14 .. 1 
57.6 14.3 
57.8 13.5 
55.5 •'14 .• 5 
56.5 14.3 
0.95 
1. 8 
14.2 
o. 35 
0.7 
Q 
29.9 
29.2 
28.6 
30.2 
29.2 
28.2 
28.8 
30.0 
29.2 
~ 
0.64 
1..3 
48.4 
49.3 
49.7 
~l9. 3 
50.7 
52.2 
51.1 
48.8 
50.5 
2.3~ 
B 
17.5 
16.7 
16.8 
16.9 
16.2 
16. L~ 
16.0 
16.7 
16.7 
50.3 - 16.5 
0.6 
1.2 
Column: 15% PEGA on 60-80 mesh Chromosorb P 
T0 21 0° TD230°. 
c 
34.2 
. 2 
33.7 
33.9 
33. 1 
31.5 
.6 
33.2 
1. 05 
2.1 
A = 4-acetoxy B = 3-nitro C = 4-nitro-£-xylene 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Mean 
0 
.±2 0 
Product distribution from the reaction of m-xylene 
and nitric acid-acetic anhydride at 0° 
Component percentages 
14.6 
15.2 
14. 1 
15.0 
13.8 
13.9 
13.8 
15.9 
15.7 
Jl±J 
B 
1.1 
0.8 
0.6 
0.6 
0.9 
0.7 
0.8 
c 
85.4 
84.1 
85.3 
83.9 
85.4 
85.5 
85.6 
83.2 
0.78 0.37 0.79 
1.6 0.8 1.6 
14.6 
14.6 
14. 1 
15.0 
14.0 
1!.{ .• 0 
13.9 
15.8 
15.6 
.:1.bb.1 
85.4 
85.4 
85.0 
86.0 
86.0 
86. 1 
84.2 
84.4 
.1lh..§ ~ 
0.67 0.67 
1.4 1.4 
Column: 15% PEGA on 60-80 mesh Chromosorb P 
8 0 0 Tc 1 o Tn230 • 
A = 2-nitro B = 4-aceto:x:y C = 4-nitro-m-xylene 
* Calculated as percentage of A + C only. 
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TABLE XXVI 
Product distribution from the reaction of hemimellj.tene 
with nitric acid-acetic anhydride at 0° 
1 
2 
3 
4 
5 
6' 
7 
8 
9 
10 
11 
12 
Mean 
a 
43.9 
43.1 
44.5 
43.4 
43.4 
46.1 
45.5 
43.3 
45.3 
44.0 
43.9 
~ 
1±bt.J:1. . 
1 .14. 
2 .. 3 
Component percentages 
Series 1 Series 2 
Q 
48.0 8.2 
48. 1 8 .. 8 
47.4 8.1 
48.5 8.2 
48.8 8.0 
L~6. 4 7. 5 
46.5 8.1 
49.1 7. 6 
47.1 7.6 
47.7 7.8 
47.8 8.5 
~ Jh..L 
~ ~ 
23.4 
22.9 
23.3 
23.3 
22.8 
22.2 
2L~. 4 
23.8 
21.8 
23.7 
24.2 
0.69 
1. 4 
B 
76.6 
77. 1 
76.7 
76.7 
77.2 
77.8 
75.8 
76.2 
78.7 
76.3 
1.14 
2.3 
Column: Series 1. 15% PDEAS on 80-120 mesh C i te. 
0 0 T0212 Tn230 • 
Series 2. 15% PEGA on 60-80 mesh Chromosorb P. 
0 0 T0187 TD230 • 
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A=4-acetoxy B=5-acetoxy 0=4-nitro D=5-nitrohemimellitene 
Product distribution from the reaction of pseudocumene 
with nitric acid-acetic anhydride at 0° 
Mean 
.±2 0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Component percentages 
34.6 
35.2 
33 .. 3 
33.7 
36,7 
35.1 
35 .. 9 
34.8 
36.8 
2.h2 
1 .15 
2.3 
0 
1 o. 9 
9.6 
8.5 
10.4 
10.7 
9.6 
10.8 
8.1 
1.1 
2.2 
3.2 
3.4 
3.5 
4 
3.7 
1.5 
2. 1 
3.6 
2.2 
0.76 
1.5 
Column: 15% PEGA on 80-100 mesh C-22 Firebrick. 
T0 190° TD225° 
.B = 5-acetoxy- C = 3-acetoxy-A = 3-nitro-
D = 6-ni tro- E = 5-nitropseudocumene 
51.4 
52.0 
54.8 
52.5 
.o 
53.6 
51.4 
53.5 
1.6 
3.2 
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TABLE XXVII 
Product distribution from the reaction of pseudocumene 
with nitric acid-acetic anhydride at 0° 
after acid hydrolysis 
Component percentages 
11 D 
5 13.8 7.0 79.2 
6 15.8 6.3 77.9 
7 15.6 7.1 77.4 
8 16.9 7.5 75.6 
9 15.7 7.5 76.7 
10 lliJ. 
Mean 15.7 7. 1 77. 3 
0 1. 04 o. 4 1 • 2 
.±2 (iJj 2.1 o. 8 2. 4 
Column: as for first part of table. 
A = 3-nitro- D = 6-nitro-
E = 5-nitropseudocuraene 
11 0 
TABLE XXVIII 
Product distribution from the reaction of indan 
with nitric acid-acetic anhydride at 0° 
1 1 1 
Chart areas Corrected areas Component ;6ages 
Q B Q. A c 
1 31.8 21.1 61.2 37.8 25.5 74.0 27.5 18.5 54.0 
2 33.6 21.7 62:3 40.0 26.2 75.3 28.3 18.5 53.2 
3 19.4 13.2 35.5 23.1 15.9 43.0 28.2 19.4 52.5 
4 64.2 38.3 109.8 76.4 46.4 132.8 29.9 18.2 52.0 
5 68.9 45.5 123.8 82.0 55.0 149.8 28.6 19.2 52.3 
6 52.8 35.4 .93;9 62.8 42.8 113.7 28.6 19.5 51.9 
7 87.5 54.0 158.0 104.0 65.2 191.0 28.9 18.1 53.0 
8 70.4 43.0 123.4 83.6 52.0 149.0 29.4 18.3 52.4 
9 
Mean 
a 
_±2 a 
56.6 33.9 97.5 67.4 41.0 118.0 
28.8 18.6 2.6 
0.79 0.57 0.69 
1.6 1.2 1.4 
Column: 5% Carbowax 20M: 10% Apiezonu~r on 60-80 mesh 
0 0 Chromosorb P. T0 255 Tn240 • 
A = 5-acetoxy- B = 4-nitro- C = 5·nitroindan. 
TABLE XXIX 
Product distribution from the reaction of tetralin 
and nitric acid-acetic anhydride at 00 
Run Comnonent nercentages 
.....,___ 
6-acetoxy: 5-nitro 6-nitro 
1 29.6 22.7 47.8 
2 30.9 2L!-· 7 41.J-. 4 
3 29.4 25.0 45.8 
4 30.5 24.5 45.2 
5 31.0 25.4 43.6 
6 30.5 2L~. 0 45.5 
7 29.9 24.1 46.0 
8 31. 2 24.5 44.4 
9 31.2 24.2 44.5 
10 30.4 24.7 44.9 
11 30.2 24.5 45.4 
12 J.QJ.. 1l-LJ. ~ 
Mean 30.5 24.4 
a 0.6 0.66 1. 06 
.±2 a 1. 2 1.3 2.1 
Column: 15% PEGA on 80-100 mesh 022 Firebrick 
T0 245° · TD240° 
11 3 
TABL:Bi XXX 
Product distribution from the reaction of toluene 
with nitronium tetrafluoroborate-sulpholane at 25° 
]]1} C om:Qonent }2ei•cent ages 
i!4 ,,,. .,, 
A B Q. !L 
1 62.4 3.2 3Lh4 61-t. 5 35.5 
2 63.0 3.9 33.1 65.6 3L~. 4 
3 61.4 4.3 34.4 6!}. 1 35.9 
4 63.9 3.0 33.2 65.8 3LJ.. 2 
5 62.1 3.4 31.~. 5 64.4 . 6 
6 63.7 3.4 32.9 66.0 34.0 
7 62.0 3.5 34.5 64.2 35.8 
8 64.8 2.3 33.0 66.3 33.7 
9 64.9 2.4 32.8 66.5 33.5 
10 ~ B ~ 
Mean D 12.:..2 ~ 2h.Q 
0 1. 5 0.63 1. 0 1. 0 1.0 
.±2 0 3.0 1.3 2.0 2.0 2.0 
Column: 15% PEGA on 60-80 mesh Chromosorb P. 
T0 190° TD220° 
A :o: 
_g-nitro- = .m-nitro- c = ~-nitrotoluene 
* Calculated as percentage of A + B only. 
TAJ31E XXXI 
Product distr•ibution from the reaction of _g-xylene 
with nitronium tetrafluoroborate-sulpholane at 25° 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Mean 
0 
Component percentages 
3-ni tro-
74.6 
74.5 
73.4 
73-7 
73.0 
74.4 
73.8 
73.5 
73.0 
.12:.1 
0.59 
1. 2 
4-nitro-
25.4 
25.5 
26.6 
26.3 
27.0 
25.6 
26.2 
26.5 
27.0 
26.8 
0.58 
1. 2 
Column: 15% PEGA on 60-80 mesh Chromosorb P 
T0 21 o
0 Tn230°. 
Product dist~ibution from the reaction of ~-xylene 
with nitronium tetrafluoroborate-sulpholane 25° 
1 
2 
3 
4 
5 
6 
7 
8 
Mean 
Component 
2-nitro-
14.2 
1 L~. 4 
15.0 
15.3 
15.0 
13.5 
15.0 
percentages 
4-nitro-
85.8 
85.6 
85.0 
84.7 
85.0 
86.5 
85.0 
(J 0.6 0.6 
.±2 (J 1. 2 1. 2 
Column: 5% CarboVIax 20M: 1 O% Apiezon 11 J" on 
60-80 mesh Chromosorb P. 
T0 21 o
0 Tn235° 
11 5 
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Product distribution from the reaction of hemimellitene 
with nitronium tetrafluoroborate-sulpholane at 25° 
Run 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Mean 
a 
Component percentages 
4-nitro-
92.7 
92.0 
93.3 
92.7 
92.,2 
93¥3 
92.8 
92.6 
92.8 
0.6 
1. 2 
7.3 
8.0 
6.7 
7.3 
7.8 
6.7 
7.2 
7.4 
0.6 
1. 2 
Column: 15% PEGA on 60-80 mesh Chromosorb P 
0 0 T0 225 Tn230 . 
TABLE XXXIV 
Product distribution from the reaction of pseudocurnene 
with nitronium tetrafluoroborate-sulpholane at 25° 
.Qom"Qonent "Qercentages 
.2-nttro- 6-nttro- 5-nitro-
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Mean 
0 
2 0 
11. 0 
8.5 
8.8 
9.6 
8.9 
10.0 
0.74 
1.6 
33.3 
34.6 
36.0 
34.9 
35.1 
35.4 
34.4 
34.6 
33.3 
0.86 
1.7 
Column: 15% PEGA on 60-80 mesh Chromosorb P 
T0 200° TD225° 
55.7 
56. 1 
54.9 
56.4 
56.6 
55.8 
56.0 
56.5 
56.7 
.5.h.Q 
0.63 
1.3 
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TABLE XXXV 
Product distribution from the reaction of indan 
with nitronium tetrafluoroborate-sulpholane at 25° 
Run Component percentages 
4-nitro- 5-nitro-
1 55.4 4h. 6 
2 59.3 40.7 
3 57.0 43.0 
4 58.4 41.6 
5 59.2 40.8 
6 59.3 40.7 
7 59.1 40.9 
8 58.8 41.2 
9 59.0 41.0 
10 ~ 
Mean ..2..{hj ~ 
0 1.3 1.3 
.±2 a 2.6 2.6 
Column: 5% Carbowax 20M: 10% Apiezon 11 J 11 
on 80-100 C-22 Firebrick 
T0 228° Tn240° 
TABLE XXXVI 
Product distribution from the reaction of tetralin 
with nitronium tetrafluoroborate-sulpholane at 25° 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Mean 
0 
ComJ2onent 
5-nitro-
62.8 
61.7 
61.6 
60.0 
61.3 
61.8 
62.8 
64.0 
58.4 
~ 
.§j..J± 
1. 7 
3.4 
J2ercentar;es 
6-nitro-
37.2 
38.3 
38.4 
40.0 
38.7 
38.2 
37.2 
36.0 
41.6 
~ 
~ 
1.7 
3.4 
Column: 5.% Carbowax 20M: 1 O% Apiezon 11 J 11 
on 80-100 mesh 0-22 Firebrick 
T0 235° Tn240° 
1 i 9 
1 
2 
3 
4 
5 
6 
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TABLE XXXVI I 
Pr•oduct distribution om the reaction toluene 
with nitric acid-nitromethane at 0° 
pomponent percentages 
B c 
6lt.1 35.9 
63.2 36.8 
63.1-t 36.6 
62.5 37.5 
63.5 36. 5 
63.6 36.4 
7 
8 
62.5 2.5 
61.1 3.4 
61.6 2.9 
60.6 3.0 
61.5 3.2 
61.5 3. 3 
61.2 2 
61.4 3.2 
61.2 ..h1 
35.0 
35.5 
35. 
36.4 
35.4 
35.3 
35.6 
35.5 
J2..J. 
63.2 36.8, 
9 
Mean 
a 0.51 0.26 
1.0 0.5 
~ 
o. 39 
0.8 
Column: 15% PEGA on 60-80 mesh Chromosoro P 
T0 19o
0 Tn220° 
63.4 36.6 
~ 36.8 
0.42 0.42 
0.8 0.8 
:A = .Q-ni tro- B = m-nitro- a = ~-nitrotoluene 
)~ 
Calculated as percentage of A + C only. 
TABLE XXXVIII 
Product distributions from the reaction a1:.' .Q.-xylene 
with nitric acid-nitromethane at 0° and 25° 
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Run Component p~rcentages 0° Component percentap;es 25° 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Mean 
0 
.±2 0 
3-nitro-
57.5 
57.6 
56.9 
57.3 
57.8 
58.6 
59.5 
59.8 
59.6 
.2h.2 
.2i.J± 
1. 0 
2.0 
!±-nitro-
42.5 
42.4 
43.1 
42.7 
42.2 
41.4 
40.5 
40.2 
40.4 
l±1..tJ. 
~ 
1. 0 
2.0 
3-nitro-
58.8 
57.6 
56.5 
59.7 
59.5 
59.8 
60.0 
59.7 
60.0 
1. 2 
Column: 15% PEGA on 60-80 Chromosorb P/HWillS 
0 0 T0 1 9 0 · T D 2 30 • 
!±-nitt'o-
41.2 
42. L~ 
43.5 
40.3 
40.,5 
40.2 
40.0 
~.o. 3 
40.0 
~ 
1.2 
2. )-J. 
TABLE XXXIX 
Product distribution from the r ion of m-xylene 
with nitric acid-nitromethane at 0° 
Run 
1 
2 
3 
4 
5 
6 
7 
8 
Component percentsges 
12.8 
13.6 
1 2. 7 
12.7 
13.6 
1 1 
13.2 
4-nitro-
87.2 
86.4 
87.3 
87.3 
86.4 
86.9 
<:36. 8 
Mean .Lh1 ~ 
0 0.37 0.4 
±2 0 0.8 0.8 
Column: 5% Carbowax 20M: 10% Apiezon n,J 11 
on 60-80 Chromosorb P 
T0 21 o
0 Tn230° 
i 22 
Product 
TABLE XL 
distribution from the reaction of hemimellitene 
with nitric acid-nitromethane at 00 
Run Com:r2onent percentages 
4-nitro- 5-nj_tro-
1 84.7 15.3 
2 8!j.. 5 15.5 
3 84.5 15.5 
4 84.5 15.5 
5 85.2 14.8 
6 84.5 15.5 
7 84.3 15.7 
8 83.8 16.2 
9 83.8 16.2 
10 .§lh_§ 15.2 
Mean .15~ 
0 0.42 0.42 
.±2 0 0.8 0.8 
Column: 15% PEGA on 60-80 mesh Chromosorb P 
T0 225° Tn230° 
Product distribution from the reaction of pseudocumene 
with nitric acid-nitromethane at 0° 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Mean 
a 
Component percentages 
c 
5.4 .o 69.6 
4.9 26.6 68.5 
4.4 24.0 71.8 
4.5 25.5 70.1 
4.3 25.0 70.7 
5.5 24.6 70.0 
4.5 26.5 69.2 
5.2 26.8 68.2 
4.8 25.4 69.9 
0.47 
0.9 
1 • 1 1 
2.2 
~ 
1 • 1 1 
2.2 
26.5 73.5 
28.0 72.0 
25.1 74.9 
26.7 73.3 
26. 1 7 3. 9 
26.0 74.0 
27.6 72.4 
28.1 71.9 
26.6 4 
1:.§_J_ ~ 
~ TI.t.1 
1 • 1 1 
2.2 
1 • 1 1 
2.2 
Column: · 151& PEGA on 60-80 mesh Chromosorb P 
T0 200° TD225° 
A = 3-nitro- B = 6-nitro- C = 5-nitropseudocumene 
* Calculated as percentage of B + C only. 
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Product stribution om the reaction indan 
with nitric acid-nitromethane 0° 
Run Com·12onent J2~rcentages 
4-nitro- 2-nj.tro-
1 42.0 58.0 
2 41.2 58.8 
3 41.8 58.2 
4 41.6 58.4 
5 .5 57.5 
6 41.9 58.1 
7 41.3 58.7 
8 42.0 58.0 
9 ~ ~ 
Mean l±.L..2 2.IhJ. 
a: 0.47 0.47 
a 1.0 1. 0 
Column: 15% PEGA on 60-80 mesh Chromosorb p 
T0 225° TD240° 
TABLE XLIII 
Product distribution from the reaction of tetralin 
with nitric acid-nitromethane at 0° 
Run Comnonent percentac;es 
5-nitro- 6-nitro-
1 41.9 58. 1 
2 Lj.1 • 3 58.7 
3 41.0 59.0 
4 41.7 58.3 
5 41.5 58.5 
6 40.6 59.4 
7 41. 1 58.9 
8 41.0 59.0 
9 42.0 58.0 
10 ~ 22.:..2 
Mean ~ .5l?..J 
0 0.49 0.49 
±2 0 1 • 0 1.0 
Column: 15% PEGA on 60-80 mesh Chromo sorb p 
T0 245° Tn240° 
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The standard deviation from the mean a for each 
component in each set of results is tabulated, together with 
the value of 2 a , which has been used in the discussion as 
the absolute error in any value. Thus in Table XXIII, 
p. 105, the value of 2a for component B, ~-nitrotoluene, 
is 2.4 and the percentage of this component is thus 
Table XXVI. Nitric acid-acetic anhudride nitration of 
hemimellitene. The chromatograms corresponding to this 
table are shovm. in Figs. 6 and 7. The 4-acetoxy and 5-
acetoxyhemimellitenes are treated as a single component in 
the first set of analyses (Fig. 6). The same reaction 
products were re-analysed (Fig. 7, Series 2) at a lower 
column temperature to give partial resolution of these two 
components. Johns141 has examined a case very similar to 
this, and shown that the percentage composition calculated 
from the peak areas (measured by the triangulation method 
used here) is within 0.5% of the known composition. For 
this reasont and because of the good agreement between the 
twelve analyses in Series 2, the results are considered 
accurate. Combination of the two sets of results gives the 
final figures for this analysis (weight percent) as: 
4-acetoxy 10.2+1.1% 5-acetoxy 34.0+3% 
4-nitro 48.3+2.8% 5-nitro 
1 
pseudocumene. The·chromatograms corresponding to this table 
are shown in Fig. 9 (before hydrolysis) and Fig. 10 (after 
hydrolysis). By taking the 5-nitro peak (component E) in 
each case as standard, combination of the two sets of 
result$ gives the final percentages: 
A~ 10~6; B = 24.6; 0 = 10.0; D = 2.9; E ~ 51.9% 
Calculating back from these figures the nitro percentages 
are A= 16. 2.5; D = 4.4z2.2; E = 79.4±2.5% 
compared with the values in the second set of results 
A = 15. D = 7.1z0.8; E = 77.3+2.4%. 
The two sets of values are therefore consi ent; the small 
area corresponding to component D is more difficult to 
measure in the first set of results and the figures from 
the second set are therefore used when only the nitro 
ratios are required. 
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DISCUSSION 
OonrQosition of the Reaction Mixtures 
(a) Nitric acid-acetic anhydride mixtures 
The final stoichiometric composition of reaction 
mixtures used was: hydrocarbon, 0.008 moles approximately; 
nitric acid, 0.0048 moles; acetic anhydride, 0.032 moles. 
The composition of the nitrating mixture made up for 
addition to the hydrocarbon solution was;nitric acid, 
0.0048 moles; acetic anhydride, 0.011 moles. At all timest 
therefore, the hydrocarbon was in at least twofold excess 
over nitric acid, and the mole ratio of nitric acid to 
acetic anhydride was not greater than 0.44. The formation 
of acetyl nitrate should therefore be favoured (see Intro-
duction, p. 23) and polynitration be reduced to a minimum. 
Table XXII (p. 103) shows that between 70% and 90% of the 
nitric acid used can be accounted for as either nitro- or 
acetoxy-product. Some nitric ac is lost from the 
solutions because of its high vapour pressure. It seems 
unlikely therefore that significant polynitration occurs. 
No high-boiling materials could be detected from these 
reactions on the gas chromatograph, and careful distillation 
of the _g-xylene·reaction product under vacuum gave only a 
small amount of residue in the still pot, wnounting to about 
1-3% of the total product. 
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(b) 
The final stoichiometric composition of these mixtures 
was: sulpholane, 0.074 moles; N0 2BT!'4 , 0.001.2 moles; 
hydr·ocarbon, 0. 008 moles approximately. The hydrocarbon v1as 
in at least sevenfold excess over the nitroniwn salt. A 
comparison of Olah 1 s reaction mixtures and those used in 
this work is given below (for equal moles of hydr·ocarbon): 
Reagent Olah et al. 20 This wor-J.c 
hydrocarbon 0.5 0.5 moles 
N0 2BF4 0.05 0.072 moles 
sulpholane 1.08 6 .. 5 moles 
Under his conditions Olah found no evidence for poly-
nitration, and obtained a 98.% mat erial balance on a 
preparative scale by fractionation of the product. The 
products obtained from the reactions at the lower 
concentrations used in this work showed no trace of higher-
boiling materials on the gas chromatograph, and no 
significant residue was obtained on vacuum distillation of 
the material. 
(c) Nitric acid-nitromethane mixtures 
The final stoichiometric concentrations used were: 
hydrocarbon, 0.0083 moles approximately; nitric acid, 
0.024 moles; nitromethane, 0.13 moles; sulphuric acid, 
0.0004 moles •. The use of more than the hydrocarbon 
1 37 
equivalent of nitric acid is necessary in this system to 
obtain sufficient reaction in a limited time. Since the 
nitric acid solution is added to the hydrocarbon solution 
slowly, the actual concentration of nitric acid present in 
the mixture during the course of the reaction is much less 
than the total quantity used. The sulphuric acid 
concentration used (0.03M) was the minimum concentrat1on 
which would give a useful quantity of product in the 1~ 
hours reaction time. No polynitro compounds could be de-
tected in the products of reactions in these solutions, 
eith~r on the gas chromatograph or by distillation. 
1 
The Acetoxylation Reaction 
(a) The reaction products 
The reaction of 2-xylene with nitric acid in acetic 
anhydride gives the expected two nitro-_Q-xylenes. In 
addition, 3,4-dimethylphenyl acetate is produced as 58~ 
of the total product. Further· investigation showed that 
this acetate is formed in reproducible amounts (Table XXIV) 
and that no other product, either isomeric acetate or 
acetoxy nitroxylene is produced. The two nitPo-_Q-xylenes 
remain unchanged after treatment with nitric acid in 
acetic anhydride under the reaction conditions. The 
acetate must therefore be produced fpom Peaction of the 
hydrocarbon with the acid-solvent system. 
Acetoxylation was found to occur with each of the 
hydrocarbons studied. Table XLIV summarises the product 
ratios obtained under the standard conditions. Because 
this direct acetoxylation of aromatic hydrocarbons had not 
been previously reported, a brief study of the reaction 'Nas 
undertaken. 
TABLE XLIV 
Prodtict distributions from nitration in nitric acid-
acetic anhydride mixtures 
All figures are mole percentages. Figures in br ts 
are acetoxy pr•oduct, those outside are nitro products. 
J:vM, v 13·5 (0) 
28•0 (58 ·6) 
~~OMe Me v 46·4 (10·6) 
7•7 (35•3) 
Me 
4·3 (o). 
49·7 (25·6) 
Me 6 58·2 (o) 2·8 (o) 
35·9 ( 3•1) 
0 &::7 (o) 
84 ·7 ( 0·7) 
<)0151·5 
18.2 ( 0) 
0044•2 
. 23·9 (o) 
( 30.2) 
( 32 •0) 
(b) The nature of the reaction 
The results of experiments described in this and sub-
sequent sec:tions are summarised in Tables XLV and XLVI. 
Free radical attack of the hydrocarbon under the 
conditions used is unlikely to occur, but the possibility 
of acetoxylation occurring in this way was tested by 
treating ~-xylene with diacetyl peroxide in acetic anhyuride. 
No acetoxy-~-xylene was obtained. The product distr·j.butions 
obtained (Table XLIV) strongly suggest an electrophilic 
142 143 attack to for·m the acetoxy products. ' The proportion 
of acetoxylation increases as the activity of the substrate 
towards electrophilic attack increases, but the acetoxy-
lation is subject to greater steric hindrance than is 
nitration. Toluene gives about 3% para-ac.etoxy product 
only. ~-Xylene, with both positions more highly activated 
than toluene, gives nearly 60% acetoxy product in the 4-
posi tion, but none in the 3-posi tion which is hinder·ed by a 
"buttressed" methyl group. 88 In IQ-xylene only the 5-
position, meta to both methyl groups, is unhindered. The 2-
and 4- positions are highly activated but only a trace of 
acetoxy is found in the less hindered 4-position. In 
hemimellitene the 4-positions are more activated (~, IQ, and 
,:Q-methyl) than the 5-position (m, m, and ,:Q-methyl)' but the 
5- position gives 35% acetoxy product and each 4-position 
5%. This is explained by the considerable steric hindrance 
TABLE XLV 
Product distribution from the reaction of ~-xylene with nitric acid-acetic aillLydride 
0 at 0 • Changes in reactant concentrations and addition of other reagents 
[ o-xylene t [HNO 3 t [Other rea~ents] Product anal~sis Acetoxy- t· Cmole1-1 ) (mole1-1 ) (mole 1-1 A B c Nitro- ra lO 
* 
2.73 1.6 -- 56.7 14.0 29.4 1 0 31 .± 0.05 
2.0 1. 6 -- 56.2 14.9 28.9 1. 29 .± 0.05 
4.1 1. 6 -- 56.8 15.0 28.3 1 • 31 .± 0.05 
5.6 1. 6 -- 57.8 13.3 29.0 1. 37 ..± 0.05 
2. 73 0.2 -- 55.8 14.8 29.4 1. 26 ..± 0.05 
2.73 2.4 -- 55.8 13.5 30.7 1. 26 ..± 0.05 
2. 73 . 1. 6 H2so4 , O. 016 58.2 14.3 27.6 1. 40 ..± 0.06 
2.73 1. 6 H2so4 , 0.032 62.4 12.2 25.5 1. 66 + 0.06 
2. 73 1. 6 AcOH, 3. 0 55.2 14.6 30.3 1. 24 ..± 0.05 
2.73 1 0 6 AcOH, 6. 2 56.7 13.9 29.4 1 • 31 ..± 0.05 
2.73 -- H2so4 , 1 .1 no reaction 
2. 73 -- H2so4 , 1.6 ~ no reaction 
Acetyl peroxide 1.6 
* Standard reaction. + Concent~ations in moles/litre of Ac 2o 
present in final mixture. 
A = %4-acetoxy- B=~3-nitro- C=%4-nitro-o-xvlene I I -- V 
-'-
+--
....>. 
TABLE XLVI 
Variation with time of the acetoxy:nitro product ratio 
in the nitration of 2-xylene 
in nitric acid-acetic anhydride at 0° 
Reaction time 
(minutes) 
15 
30 
60 
90 
120 
A = 4-acetoxy 
Product ~ercentages Acetoxy:nitro ratio 
A £ 
56.7 14.0 
55.8 14.2 
56.2 14.0 
55.8 14.2 
58.3 13.0 
B = 3-ni tro 
c 
29.4 
29.9 
29.8 
30.0 
28.8 
C = 4-nitro 
1. 31 
1 • 27 
1 • 29 
1. 26 
1. 40 
at the 4-posi tion resulting from the adjacent 11 dou1)le-
88 
"buttressed" methyl group. '.rhe 5-position in psc::udocmnene 
is activated by~' m, and B-methyl groups as is the 4-
position in hemimellitene, but the former is hindered only 
"by an isolated methyl group and gives 25% acetoxy product. 
Indan and tetralin might be expected to "be similar to 
~-xylene, and "both give no acetoxy product adjacent to the 
fused saturated rings, but appreciable amounts at the 5- and 
6-positions respectively. 
(c) Kinetic evidence 
Since the completion of this section of the work, 
Read has investigated the kinetics of the reaction of o-
xylene in nitric acid-acetic anhydride mixtures under 
conditions similar to those used here.42 , 144 Read found 
that "both the nitration and acetoxylation reactions are 
zeroth order in ~-xylene, and that the ratio of the rates 
of acetoxylation and nitration is constant during the 
reaction. Added acetic acid, sulphuric acid or lithium 
nitrate have no effect on the rate ratio. These results 
agree with studies made in this work. Table XLV shows 
that the product distribution obtained in this reaction, 
and the acetoxy:nitro product ratio, is independent of 
hydrocarbon concentration, nitric acid concentration, added 
sulphuric acid and added acetic acid over the concentration 
ranges tested. Taole XLVI shows that the acetoxy:nitro 
product ratio is independent of the reaction time. Also, 
since sulphuric acid-acetic anhydr·ide mixtures do not 
acetoxylate (Table XLV), the acetoxylating species cannot 
be protonated acetic anhydride. Head concludes frorn these 
facts and from a detailed analysis of his kinetic results 
that the same species is responsible for both acetoxylation 
and nitration, and that this species is one of the three 
possible protonated acetyl nitrates. The mechanism is 
HN0 3 + Ac 2o -' Ac0.N0 2 + AcOH ..--
AcO.N0 2 + HA -> AcO .NO 2 H+ A- (slovr) 
t( ArOAc + HN0 2 + HA ArH + + - -fas (fast) AcO.N0 2 ,H A ArN0 2 + AcOH + HA 
It should be noted that this mechanism requires the form-
ation of one mole of nitrous acid for every mole of acetoxy 
product formed. Nitrite is produced during the reaction and 
can be detected using a modified Griess-Ilosvay test. 
Quantitative measurements (p. 102 and Table XXII) showed 
that about 60% of the theoretical amount of nitrite could 
be accounted for. Since nitrous acid decomposes in acid 
solution145 it is likely that during the course of the 
reaction some nitrite will be lost from the solution, 
explaining both the low value for total nitrite produced 
and the variations in the results obtained. 
An important consequence of the above mechanism is 
that different hydrocarbons should give different acetoxy: 
1 L~5 
nitro product ratios, since this ratio is determined by 
competition .between two positions of the protonated acetyl 
nitrate for the hydrocarbon. Read showed that .Q-xylene and 
m~xylene give very different ratios. The results of this 
work, (Table XLIY) show clearly that the ratio depends on 
the hydrocarbon used. 
(d) Hammett Rho for acetoxylation 
Comparison of the ratios of nitration to acetoxylation 
in the completely unhindered positions of the hydrocarbons 
studied shows that the species responsible for acetoxylation 
is more selective, and therefore less active, than the 
nitrating species; i.e., the Hammett rho value for acetoxy-
lation is larger than that for nitration. 
Substrate Position Activation Nitro:acetoxy rat j_o 
toluene 4- }2-Me 11 • 6 
.Q-xylene 4- m, ,:Q-Me o. 52 
hemimellitene 5- m, m, ,:Q-Me 0.22 
Although only three such unhindered positions are available, 
an estimate of the value of rho for acetoxylation is 
possible by assuming that to a first approximation the 
Additivity Principle is valid for .Q-xylene and hemimellitene. 
For any given position in the hydrocarbon ArH the 
following equations hold: 
ArH 
Ar·H 
+ RN 
+ RA 
d1\f 
dt 
lr""'T -~ 
kA 
-
dt 
. -dA 
N (nitro pr'oduct) 
A (acetoxy product) 
::::: 
Since the nitrat'ing and acetoxylating species are the same 
:B' or a polymethylbenzene, log k/k ;:: p ;z 0 i 
(see p. 37 ) 
Thus log~~ ::::: ~ ;z a: i l 
log kA ;:: PA ;z a: /ko i 1 A 
Whence by subtracting and rearranging 
~- N kR 
log /kA == log /A = log /kX 
From this equation, a plot of lo~/A 
have slope ( p N- p A) and intercept 
+ vs f 0i should 
log(N;A) • 
( )benzene 
The completely unhindered positions are either meta or 
to the methyl groups, and Brown's 0 + and 0 + 
.:g-Me m-Me 
values of -0.278 and 
for each position. 146 
+ 
-0.079 may be used to evaluate .6 a. i 1 
It will be shown later that a value 
of p N = -7.1 for nitration in nitric acid-acetic anhydride 
mixtures may be obtained from the nitro product distributions 
in this system. (Brown's mean value for nitration is 
-6. 2). 145 Use of this value enables P A to be calculated 
1L(7 
from ( PN- p A). The three points are plotted or: the [~ro.ph. 
(Fig. 25, p. 148) The values of p A obtained fr·om the 
lines shown are -25, -12, and -18, ving a meo.n value 
of' -18. This graph is in effect o.n attempt to i.nvestiGate 
a Hammett plot over a very narrow range of reactivities, 
and the very wide spread in values is not surprising, 
particularly as the values on the reactivity scale are 
calculated assmning the Additivity Principle to be valid. 
It seems likely however, that the value of P A is much 
larger than p N; this, coupled with the cons erable stex>ic 
requirements of the acetoxylation reaction would be suf'fi-
cient to explain the product distributions obtained. The 
intercept of the graph must lead to a ratio of for 
benzene which is very large, since no acetoxy product can 
be detected. This lends weight to the high values of' P A. 
The high value of p A implies that bond formation 
in the transition state is further advanced in acetoxylation 
than it is in nitration; i.e., the transition state in 
acetoxylation lies closer to the a -complex than it does in 
nitration. C-O and 0-N bond lengths are very similar147 
(1.42 and 1.47R respectively) and thus the acetoxylation 
reaction would be expected to be more readily susceptibJ.e 
to steric hindrance than nitration, as found. 
+ 1.0 
0.0 
logli 
A 
... to 
Hammett rho for acetoxylation 
... 0.2 
logN vs. Io-+ 
A 
- 0.4 
~a-+ 
f \HEMIMELLIT ENE 
(corrected) 
\ 
148 
.. 0.6 
(e) 
Protonation .of acetyl nitrate may occur at the 
carbonyl oxygen, at a ter•minal nitro-oxygen atorn, or on the 
central oxygen atom to give the three spec s I, II and III. 
Protonation of the central oxygen should be more difficult 
r CH -C-0-N 
3 11 + 'o-O+ 
I 
H 
I 
~0 
CH -C-0--N 
3 II ... 'o 0 'H 
II 
+ + f'o 
CH-C 0-N ~ II I 'o-
0 H 
III 
than at the other two po tions since it is flanked by two 
powerful -I-M groups. The carbonyl oxygen is likely to 
be more readily protonated than the nitro- oxygens by ana-
logy with the relative acid strengths of benzoic acid 
(pKa= -7.26) and nitrobenzene (pKa= -11.38 ). Thus the order 
of ease of formation, which will be the reverse of the order 
·Of reactivity if the transition states for the reaction are 
assumed to be similar, is I > II > III. Further, r·uctuPe 
I has more resonance stabilisation than II or III, and III 
is further destabilised by carrying formal positive charges 
on adjacent atoms. 
The rate-determining formation of the protonated 
acetyl nitrate responsible for acetoxylation and nitration, 
suggested both by the results of this work and by Read's 
150 
kinetics, makes species III the most likely electr ile in 
these reactions, since'it is the owest in form 
However this species, with a formal positive char on the 
central oxygen, would be expect to show low selectivity 
in acetoxylation in common with reactions such as mercur-ation 
and isopropylation which involve attack by ghly polar 
species. This objection is not too serious, as the positive 
charge must be considerably spread by resonance. H ov;ever, 
species II should be a much more effective nitrat agent 
than species III and is formed more rapidly; nitration might 
therefore be expect to be brought about by species II. 
this is so, acetoxylation must also occur through this 
species¢ 
Spec s II might be expect to be a more reactive 
nitrating than acetoxylating species, with consequently 
greater selectivity in acetoxylation than ni ion. 
Species I might be expected to show these charactei'istics 
to a lesser extent, but acetoxylation by 2 1 attack on 
the carbonyl oxygen of this species seems unlikely since 
such attack would suffer little steric hindrance. No final 
selection between the three possible species can be made on 
the results of this work. 
A number of other points are pertinent to this 
problem. It is essential to Read's argument that ~-xylene 
and m-xylene react at the same total rate--the rate of 
formation of the reactive ecies. In fact he found that 
m-xylene reacted ightly faster than ~-xylene, that the 
rate depended slightly on the concentration of m-xylcnc and 
that the acetoxylation:nitration rate ratio decreased 
slightly as the m-xylene concentration increased. ad 
found that by assuming a second mode of nitration, first 
order in substrate and available to m-xylene out not a-
xylene, by a species which could not pPoduce acetoxylo.tion., 
he could obtain corrected rate constants for the zeroth 
ordeP reaction identical with the values for ~-xylene. The 
corrected acetoxylation:nitration rate ratio form-xylene 
was constant. These results are readily explaincdj m-xylene 
is a much more reactive substrate than 2-xylene (e.g., 
Table XI) and might be expected to oy-pass the rate-
determining formation of the mo reactive ectrophile and 
react with a more rapidly formed but less reactive species 
in a rate-determining bimolecular step. Anisole, a more 
reactive substrate than m-xylene, 83,98 should be more 
effective in by-passing the zeroth order nitration. 
Yoong148 showed that the kinetics of nitration of anisole in 
nitric acid-acetic anhydride mixtures could be explained in 
terms of competing zeroth and first order reactions. The 
rate of the zeroth order nitration was very close to the 
value found for 2-xylene under similar conditions. Yoong 
considered that the most reactive form of protonated acetyl 
nitrate (species III) was responsible the zeroth o:rder 
reaction, and that the first order reaction was 
about by ecies II. Species II is less likely to ing 
about acetoxylation than species I, a necessary asswnption 
in interpret the m-xylene kinetics, but anisole should 
give appreciable yields of acetoxy product by reaction with 
speci III. No such product has been detect , although 
Yoong did not investigate the reactions at very low anisole 
concentrations, conditions most favouring the zeroth order 
reaction. 
Diphenylamine reacts about fifty times as fast as the 
total rate of acetoxylation and nitr ion of ~-xylene in 
nitr acid-acetic anhydr mixtures. i49 It is unlikely 
therefore that the protonated acetyl nitrate responsible for 
reaction with ~-xylene makes a significant contribution to 
the reaction with diphenylamine. Dickson interpreted his 
kinetic studies of this substrate149 in terms of a zeroth 
order reaction with species II and a first order reaction 
with species I. No acetoxylation could be detected. 
Diphenylamine is thus sufficiently reactive to by-pass 
completely the ow formation of species I , and to make 
the formation of species II rate-determining. 
If these conclusions are correct, ~-xylene and less 
reactive hydrocarbons must react with species III to produce 
both acetoxy and nitro products. The two unexplained 
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oblems in such a view are the sence of acetoxy product 
from the reaction of anisole, and the apparently rather- high 
selectivity of + AcOH.N0 2 
(f) or tho: para 
in acetoxylation. 
Hemime itene and pseudocumene have reactiv 1es to-
wards electrophilic attack similar to that o:f _l!!-xylene.98 
These substrates must there:fore also undergo nit ion by 
the spec s responsible :for the :first order nitration of 
m-xylene, but substrates reactivity similar to or less 
than that of ~-xylene (e.g., indan and tetralin) should not 
be attacked by this species. Read has shown that the 
nitration o:f toluene in these systems is mixed first and 
zeroth order in substrate, in keeping with a bimolecular 
reaction between substrate and protonated acetyl nitrate o:f 
about the same rate as the :formation of the protonat 
species. This does not affect the comparison o:f ortho:para 
ratios derived from toluene with those from xylene, indan 
or tetralin, since the same attacking entity is involved in 
all cases. However, the incursion of a second protonated 
acetyl nitrate into the reaction of more active substrates 
presents problems in comparing isomer distributions o:f 
these substrates with those derived from toluene. 
The species responsible for the first order nitration 
must be less active than the species responsible for the 
zeroth order reaction, and therefore more selective, since 
the former only becomes important for more active substrates. 
Ortho :para ratios for the active substrates may ther·ef'oPe 
bear little relationship to those for toluene and ~-xylene. 
This problem is discussed in the next section. 
For his ,!!!-Xylene runs Read assumed at the tot rate 
of nitration 1:~ = kN + Jr~ [ArH] where k; is the pseudo 
rate constant for the first order nitration and ~~ is the 
rate constant for the zeroth order r•eaction. He obtained 
the values 
kN 7.0 10 - 2 -2 -1 = X m sec 
and 
)'< 
6.2 x 10-313m-3sec-1 ~ = 
at [ ArH ] = 0.3M. These values ve the fraction the 
total nitration rate made up by the first order reaction 
>'' p~ [ArH];k~ ~ as about 1 ~.%. If is assQmed that these 
rate constants hold at the higher hydrocarbon concentrations 
used in this work ( 2. 5M) this figure becomes 54rb, and if 
it is further assumed that this value is roughly true for 
hemimellitene in the 5-position, the nitro:acetoxy ratio for 
this position (0.22) becomes 0.10 for nitration by the 
acetoxylating species alone. Use of this value in the ot 
log N/A (Fig~ 25) gives the fourth point shown on the 
graph; although this calculation is extremely approximate, 
it lends weight to the higher values of p A obtained. No 
in the 0 '"' .L matter what the magnitude of the ch 
N/ A' it ·would alvvays be such as to move this point in 
same direction. 
i i)f) 
1 
In this ion,· the ication of the Additivity 
Principle to the calculation of ocluct distr ions in the 
methylbenzenes is discus The results obtained in the 
three nitrat systems are taken together; the prob1em 
aris from the first order nitr ion of act hydro-
carbons in nitric acid-acetic anhydr mixtures (seep. 153) 
is discussed at the end of the section. results are 
swnrnarised in Tables XLVII to XLIX. 
(a) 
The product distributions used for this nitration 
system are those for the nitration reaction only, 
(Table XLVII). Although nitration and acetoxylation occur 
through the same electrophile, following ysis shovts 
that the two reactions must be cons separat y when 
comparing product distributions. For reaction at positions 
1 and 2 of any given hydrocarb.on, the rates of acetoxylation 
and nitration relative to one position in benzene are: 
1 p A 1!1 ° ~ p 2: 0 Position 1 : kA = 10 ::::: 10 N 1 
pAZ2° 2 PN Z 0 Position 2: k2 2 = 10 . lc N = 10 A 
Thus the ratio of total product (A+N) at position 1 to that 
at position 2 is 
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= 
Clearly, such a ratio bears no simple relationship to the 
sums of the sigma values at the two positions. On the other 
hand, the ratios of either the nitro products 
= 
are simply related to the Z a values, a necessary con-
dition for the application of the Additivity Principle. 
Many of the hydrocarbons studied undergo acetoxylation at 
only one position and the acetoxy product ratios cannot be 
used •. The ratios of the nitro products are therefore used 
in this section. 
(b) Toluene 
The rates of substitution at each position in toluene 
relative to one position in benzene are 
Me 
~:6 
(Ctd. p.161) 
Product d.istributions: nitric ac acetic anhytiPide mixtupes 
Percentage of total nitro product 
~Me lV 32•6 
67·4 
Me Me'©:Me 
85·8 
14·2 
h60·l lV 2·9 
37·0 
Me 
7·1 
77·3 
Me 
Product distributions: NO 2m~~ 4 -sulpholane mixtures 
Percentage of total nitro product 
33.9 
Me Me Me'©;Me Me · 34•7 
92·6 56•0 
7·2 
Me 
160 
Product distr•ibut ions: ni trio acid-ni trorr:etl-1ane mb;~tu:rcs 
Percentage of total nitro oduct 
35·5 
LMe 
v58·4 
41·6 
Me Me Me~Me Me 0 84·5 25·7 69.7 
15•5 
Me 
1 61 
The product ratios are thus o:m:p = 2of:2mf:pf' or 
0 m 
== . of . mf of mf = 0 m . 
' 
p m 1 mf . Pr mf 2p m == 2Pf 
' 
0 p 
- 2or Pr or Pr := ~-() p 
Using these expressions the parti rate factor ratios f'or 
toluene in each system may be calculated (Table L). 
~TABI,E L 
Partial rate factor ratios f'or toluene 
Nitrating system 
.2flr!!f Er~r .2ril2f 
HNO 3-Ac 20 21 8 26 10 0.81 .± 0.07 
N0 2BF4-sulpholane 19 + 8 21 .± 10 0.93.± 0.08 
HNo 3-MeN0 2 20 .± 4 23 .± 4 0. 86 .± 0.03 
The ratios in this table are calculated from the most 
reliable experimental results. For example, the o:p ratio 
in toluene is calculated from the ortho and nara product 
percentages determined from the chromatograms by measuring 
the peaks corresponding to these isomers only. (~< values in 
the tabulated results). The very large errors in the 
of/mf ang pf/mf values arise from the difficulty in 
determining the small amount of meta product formed. 
(c) Partial rate factor ratios f'or the polymeth;y:lbenzenes 
If the Additivity Principle is valid for these 
compounds, the partial rate factor ratios calculated for 
toluene should be the same as the values calculated from the 
product distributions for the polymethylbenzencc:; by me::u1s of 
the expressions Table 'l'he ratios cal tec1 from 
these expressions are listed in Table LII. TLo values for 
toluene front Table L are included :f'or compar·ison. It is 
clear that there is little or no correlation een 
values for toluene and the values for the other hydrocarbons. 
Although the errors in the ratios involving minor components 
are lar , they are not sufficiently great to account for 
the differences. 
(d) 
A more satisfactory test of en tbe 
predictions of the Additivity inciple and the iment 
results is to use the partial rate factor r ios for toluene 
to calculate the product di ibut for the other methyl-
benzenes. This approach has been used by Brown 
to calculate the isomer distributions for the acetyl on of 
.m-xylene and hemimellitene. Agreement with experiment v;as 
poor, particularly in the case of hemimellitene. 
For _g-xylene, for example, 
a/b ~ of/pf = 
Total proc,·l;;.ct at 
LMe 
Va=o.rmo~= 
b= mfpf 
3-nitro 
4-nitro 
a and· b 1 oor& 
(Ctd. p .. 165) 
_Q-Xylene 
m-xylene 
hemime 
litene 
pseudo-
cumene 
Equations for par·ti 
OMe Me ofmf wfpf 0fry 
DfPf 
Me 
Me 
Me 
163 
rate factor r ios 
3-nitro/4-n 0 
tro/4-ni tro :::: ~·. of/pf 
2-nitro/5-nitro ::::(of/mf)2 
4-nitro/5-nitro :::: 2of/mf 
3-nitro/5-nitro :::: 0 f/pf 
5-nitro/6-nitro :::: Prlmf 
3-ni tro/6-ni tro of/mf 
TABLE LII 
P.ar·tial rate factor ratios for• the polymethylbem:enes 
Hydrocarbon 
toluene 
_Q-xylene 
!!,1-xylene 
hemimellitene 
pseudocumene 
toluene 
Q-xylene 
m-xylene 
hemimellitene 
pseudocumene 
toluene 
_Q-xylene 
!!,1-xylene 
hemimellitene 
pseudocumene 
(a) Nitric acid-acetic acltydride 
..Qf.L]:Qf 
21 ± 8 
3.0 ± 0.3 
2.2 ..± 0.5 
19 ..± 8 
2. 7 .± o. 2 
o. 19 ..± o. 05 
-o"hf 
--r 
26 + 10 
21 ± 10 
2.7 ± 0.3 
(c) Nitric acid-nitromethane 
20 ± 4 23 ± 4 
6.4 ± 1 
0.27 ± 0.06 1. 6 ± o. 1 
.2rilf 
0.81 ± 0.07 
O. L~9 ..± 0.05 
o. 34 ..± 0.03 
o. 2 ..± o. 02 
0.93 ..± 0.08 
1.L~± 0.1 
0.30 .± 0.02 
o. 07 + o. 02 
0.86 + 0.03 
2.8 
.± o. 1 
o. 34 .± 0.03 
0.17 + 0.03 
Solving these equations, and similar ones for t e othe1~ 
h~ldrocarbons ing the :parti rate factor ratios for toluene 
gives the values in Table LIII. 
Some of the differences between observed and calcu-
lated values can be explained in terms of steric er-
action between the methyl groups and the attack:i.ng ectro-
phile. For m-xylene, the experimental value for the 2-isorner 
is about half the calculated value for each nitrating system, 
and the experimental value for the 4-isomer is correspond-
ingly higher. Since interference between tbe two methyl 
groups is unlikely in m-xylene the whole of this d:Lfference 
may be attributed to steric interaction between the electro-
phile entering the 2-position and the adjacent methyls. 
Attack at the 4-posi tion is presumably hinder·ed to the same 
position of toluene. 0\'fn 
and Marino' s89 study of the acetylation of m-xylene unf'or-
tunately provides no comparison with this work as acetyl-
ation yields no 2-product (the calculated value is 0.3%). 
Olah33 has determined product distr·ibutions for toluene, 
~-xylene and m-xylene from nitrations in sul:pholane and 
nitromethane using N0 2BF4 and related species. The figures 
for toluene from Olah's work have been used to calculate 
product distributions for o- and m-xylene on the basis of 
the Additivity Principle; these values are given 
Table LIV with Olah 1 s experimental results. Both calculated 
Calculated product distributions compared 
Fnio3-Ac~ 1 ]Q~~4-sulnho~ane 
Observed 
a2 .. 
67·4 
A14·6 
0~ 
85·4 
D:s-s 
14·2 
~7-1 
i5·7Y77·3 
Calculated 
CXs-!3 
55! 2 
~·2 
71 ± 4 
Ds·1 
2·3 ± 0·4 
;¢2·1 ±0·7 4 53:!: 3 
-3 
I Observ~d 
&3·7 
26·3 
oCt·' 
85·3 
'6:2-6 
7·2 
~34·7 
9·4Y56-0 
Calculated 
6:8±3 
52± 2 
(x•2 
68 ±4 
'(;:,., 
2·6 ± 0·4 
P2·5:t1 4 51 ± 3 ±3 
values 
HN0~-1.IeN02 --::> --
Observed 
6:84 
4H5' 
06:·1 
86·9 
0~5 
15·5 
~25·7 
4·8Y69·7 
6: . ., 
54± 1 
(10<1 
70::!: 3 
'(y,s • 1
2·5 ± 0·3 
;¢ 2·3 ::!:0·5 4 52~ 2 
+ 
_, 
0\ 
0\ 
167 
Similar though much less extensive results are 
obtained in nitromethane as solvent. 
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and experimental results :for .m-xylene are ver·y Gimilal' to 
those obtain~d in this work. In hemimellitene~ the observed 
percentage of 4-nitro product is less than the culated 
amount in each system by similar, but not identical, amounts. 
This difference would be expected because of er i.e inter-
action between the electrophile entering the 4-position and 
the "double-buttressed" methyl group88 adjacent to it. 
Steric interactions of this sort will not explain the 
results for _Q-xylene except in the nitr·ic acid-acetic 
anhydride nitrations, where the hindered 3-position pr>oduces 
less than the calculated amount of pr·oduct. The differ-ence 
is not as large as in .m-xylene; it seems roeasonable that one 
methyl on each side of the position of attack should be a 
more effective blocking system than a 'single-buttr·essed 11 
methyl, if only through an entropy effect. However, in the 
nitric acid-nitromethane and N0 2BF4-sulpholane systems the 
percentage of 3-product is greater than the calculated value. 
Olah's results (Table LIV) show the same ct. Pseudo-
cumene has two hindered positions (3- and 6-) available for, 
attack. The percentage of product formed in the 3-position 
is only a small fraction of the calculated percentage, as 
might be expected for a position flanked by a "buttressed" 
and a single methyl group. The total percentage of 5-and 6-
product increases accordingly, but the experimental ratio of 
6-product:5-product is higher than the calculated ratio in 
each system instead of being lowered by steric interaction. 
The ratios are shown below. 
Nitrating S~stem 
HNO 3-Ac2o 
NO 2BB
1
4-sulpholane 
HNO 3-MeN0 2 
Calculated 
0.038 
0.049 
0.044 
Ti;Xi ,ep :i.mental 
0.091 
0.62 
0.37 
The difference between the experhnental and calculated 
ratios is much higher in N0 2BF4_-sulpholane and ni trio acid-
nitromethane nitrations than in nitric acid-acetic anl1ydPide. 
The 6-position in pseudocmnene is adjacent to a single 
11 buttressed 11 methyl group, as is the 3-position of _g-xylene; 
it appears that the factor which leads to the high pePcent-
age of 3-product in _2-xylene is also over-riding the pr-imary 
steric effect at the 6-pseudocumene position. 
There appears to be no simple explanation for the 
2-xylene and pseudocumene results in terms of conventional 
steric and electronic effects. The enhanced reactivity at 
the positions next to two adjacent methyl groups Qn the 
benzene ring is sufficient to overcome the steric hindrance 
at these positions, but it does not appear to operate in all 
reactions. It does not occur in _g-xylene, and occurs to 
only a small extent in pseud.ocumene, in nitric acid-acetic 
anhydride nitrations. It is not apparent, for ex~nple, in 
the results of Table X (p. 46) taken from the literature. 
Some investigation of the scope of the effect in other 
reaction systems would be of interest. 
(e) i\·1odified substituent constants foro neir;hbourinp; 
methyl group<:~ 
This section attempts to provide a quantito.tivc 
measur·e of the effects just described. The contPibutions 
•J70 
made by a methyl gPoup on a benzene ring to the re~.teti vity 
of the ring in positions met~ and po.Pa to the methyl gPoup 
+ 
a " p-dJC are effectively measured by the am-~e and 
substituent constants developed by Brow~1 45 The effect of 
the methyl group on the ortho positions is not necessaroily 
dependent only on the methyl group itself and effective 
a + values cannot be obtained. However, fop a n-i ven 
o-Me 0 
reaction of methylbenzenes under specified conditions, 
consistent a0_~e values are feasible, 15° and this section 
describes the calculation of such values from the ex~eri-
mental results. 
The effect of each methyl group on the ring at its 
meta and para positions is given by a + and 
m-Me 
values respectively. The contribution of a methyl gpoup to 
its ortho position is assumed to depend on the type of 
ortho position involved. Thus the orthg positions in 
toluene, adjacent to only one methyl group, aPe given 0 
0 
values. The other positions o.djacent to methyl groups o.l'e 
given the modified a
0 
values shown on the following po.ge: 
6Me Me 
"" I % &: t 
II q; 
An assumption implicit in this tPeatment is that only the 
partial rate factors for positions ortho to methyl groups 
are changed by steric interactions from the values predicted 
by the Additivity Principle. This means that the overall 
rate of substitution of any hydrocarbon containing one or 
more such positions should be less than the rate calculated 
from Additivity. No nitration studies aPe available to test 
this assumption, but the fact that Pates of other> r·eactions 
have been successfully predicted to within a factor of 2 
while calculated isomer distributions in the same reactions 
bear no relationship to experimental values (Table VIII) 
means that the assumption may well be unjustified. Hovrever, 
the results in Table X (p. 46) show that at least in the 
protodetrimethylsilylation and mercuridetrimethylsilylation 
reactions the assumption is valid--e.g., the calculated and 
experimental rates for 4-R-m-xylene. 
F~r any given position in a polymethylbenzene, the 
rate of substitution relative to one position in benzene is 
given by 
log ki + :::: p :z 0. 
. ~ 
l 
Writing and in place of 0 + (j 0 0' a . 0 o,_,l·ir ' m p 
and o p-}~e, the equations for• the three posit ions in 
toluene are 
From these are obtained: 
k 
log _Q :::: P ( a 0 ) 
km 0 m 
k 
0 p ( 0 0 p) log- :::: -k 0 p 
km 
p ( 0 ) log k :::: 0 m p p 
Since the k values are parti 
. . . . . . 
. . . . . . 
. ' . . . . . 
rate factors, 
. 
. 
. 
log lc p 
. . . 
. . . 
. . . 
k /k o m 
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+ 
e 
( 1 ) 
( 2) 
( 3) 
:;:: of/mf' 
values of' these 
ratios have been evaluated from the experimental re ts 
(Table L). op and om are given by Bro·wn for nitration 
as -0.278 and -0.079 respectively, 145 and. f'rom equation 
( 3) p for each nitrating system may be calculated. These 
values, with equations (1) or (2), allow 0 0 to be 
calculated--the equations are not independent and the swne 
result is obtained from each. 
Similar equations may be written for other hydro-
carbons and these are li ed in Table LV. Each set of 
equations may be solved by using the experimentally er-
mined parti rate factor ratios (Table L) and the values of 
p calculated from the toluene results. The modified a 
0 
TABLE LV 
Equations for modifi 
logk3 :::: 
a 
0 
a 
values 
p(o +0 ); 
m p 
log lc3/k4 
p ( o '0 + o m) ; logk4 
:::: p(o' -a) ... 0 p . . . . . . . . . 
logk2 = p ( 2 a:) ; logl{L~ = p ( a 0 + a P) 
,,~ 
log k2/k4 == p ( 2 a~ - a 0 - o P) ; 
logk4 = p ( a ~~ + a m + o p) 
log k4/k5 = p ( o ~' -am) 
logk3 ::: p 
(2 a >:o:< +a )· log k6 0 m ' 
logk5 
:;: p ( a 
0 + 
a + a ) 
m P 
log k3/k5 ' :;: p 
( 2 0 >/l~!l 
- 0 - a ) 0 0 p 
(2 a*':~ ' log kyk6 :;: p - a - a ) 0 0 m 
:::: 
. 
log k5/k6 :;: p ( a + 0 -0 -0') 0 p m o 
::: P(2o +0) 
m p 
( 0 t p 0 + 2 a ) • m ' 
. 
. . . . . . 
. • . . . . . 
a)kx refers to the partial rate factor for position x 
in the hydrocarbon. 
(5) 
(6) 
(7) 
values obtained are listed in T e 
vrill subject to consideP e eeroP since c cul tion 
o~ each involves ver·y small product in toluene 
only one set of data. However, p appears a 1 tionu 
and a consi ent set of 0 0 values should be obtained for· 
each reaction system. 
Modified 00 
Hydrocarbon 
toluene 
..Q-xylene 
m-xylene 
hemimellitene 
pseudocumene 
values 
p 
a 
0 
9 
a 
0 
, .. 
a·' 
0 
II 
·a 
0 
culated 
HNO 3-Ac 
• 1 :!: 0.2 
-0.27 ± 0.02 
-0. 23 ± 0. 02 
-0.24 ± o. 04 
-0.15 ± 0.04 
-0. 
-0.18 
-0.20 
-0.32 
om product distr<ilJntions 
2 
-6.8 :!: o. 2 -6.6 :!: o. 2 
-0.27 ±0.02 -0. ± o. 02 
-0.30±0.03 -0. ± o. 03 
-0. 24 ± o. 04 
-0. 14 ± o. 04 
.19 
-0.14 
-0.40 
• 2L~ ± 0. OL1. 
-0. 20 ± 0. Ol~. 
-0. 
. 17 
-0 20 
-0 .1+3 
Discussion of Table LVI 
p -Values. 'l'he values obtained for the thr·ee r·eaction 
systems are the same within experimental error, ::tnd ur·e 
comparable to Brown's value of -6.0 obtained .t'r·om com-
posite da~a for nitration under several conditions. The 
nitronium tetrafluoroborate reaction shows the same vo.lue 
of p as the other two systems in accordance with Olah's 
observation that 11 normal 11 intramolecular se1 ect i vi ty :i. s 
preserved in these reactions. Nitration in nitric acid-
acetic anhydride mixtures displays similar se1ectivity to 
the other systems. If the "Read" protonated acety1 n:Ltrate 
(species III, p. 149) is the nitrating entity in this 
system it does not display the low selectivity often 
associated with highly polar species. 
__ o_ 
0
-Values are the same in the three nitrating systems. 
The value of -0.27 is close to the value of o 1~ = p-. e 
-0.278 found by Brown for the nitration reaction, 145 and to 
the values obtained by McGary for + oo-Me for chlorination, 
nitration and HF-BF 3 basicity of -0.275, -0.274 and 
-0.277 respectively. 15° The constancy of the va1ues for 
the three nitrating systems indicates that steric inter-
actions between the methyl group and each of the three 
electrophiles ar~ very similar. In fact the methyl group is 
probably too small to interact significantly with the 
electrophile entering the ortho position, and the 0 
0 
values will thus be a true measure of the cor~ined inductive 
and electromeric effects of the methyl group J.n the:; octho 
position. Such effects should be the same in the three 
nitrating systems because the· p values are the sa:nc. 
>'~ 
.2..' values for m-xylene are constant and just signif'ico.ntly 
lower than the a values for toluene. This is consistent 
0 
with enhanced steric inhibition at the 2-position by the 
flanking methyl groups; the constant value in this case must 
indicate that the three electrophiles have similar steric 
requirements when attacking at the 2-position in m-xylcne. 
l.t 
a values from hemimellitene are significantly lower than 
the a and 
0 
~: 
a values, and also lower than the 
0 
I 
0 
0 
value obtained for £-xylene from nitration in nitric acid-
acetic anhydride mixtures. The steric effect of a double-
buttressed methyl group thus appears to be larger than 
either the buttressed methyl or the two single methyls in 
m-xylene. 
~:~ t;:<! 
.Q.. values may be obtained from equations (5) and (6) 
I 
using eithe~ the a0 values from £-xylene or those 
obtained from equation (7). Both values are shown in 
Table LVI with the mean value. The mean values are 
constant within experimental error and probably slightly 
II 
higher than the a 0 values but the errors involved in the 
calculations make it difficult to judge whether the 
II 
differences between a a nd 0 a 0 values are significant. 
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Peflect the ect discussed in 
section (p. 169). The value fpom g-xylene for• e r.it.ric 
ac acetic anhydP system is significantly lower than 
a 0 , indicat stePic inhibition of atta nt the 
position. The values from xylene for the othc:r t\VO 
terns are vePy much higher than a o· rrhe 0 0 values 
f:eom pseudocumene aPe all higher> than (J 0' but the value 
for the nitric acid-acetic anhydPide system is cons ably 
lower than those for the other systems. These r•e S ar'e 
discussed qualitatively on p. 169. 
Conclusion 
Because the modified o values obtained 
0 
om the 
nitric acid-acetic anhydr results, for the hydrocarbons 
more activated than g-xylene, are consistent wi those 
from the other two nitrating sy ems, it is assumed that the 
first order nitration reaction taking place these 
compounds (p. 153) does not significantly affect the product 
distributions. This assumption vvill be corr•ect the spe-
cies responsible for the first order nitr ion has the same 
selectivity and steric requirements as the species 
responsible for acetoxylation and zeroth order tr·ation. 
Although the p values for the two react ions cannot be 
identical, p values for different nitrating ecies are 
usually very similar ( cf. this YvoPk and reference 145), nd 
the first requirement is likely to be very nearly met. If 
the :first order species is one of the other pr·oton.ctt;ed 
acetyl nitrates, then the steric requirement vrill a .. 1so be 
met. 
It is clear :fr-om this study that the N0,.)1FL-su1pho-
c_ ~ 
lane nitrations give pr-oduct distributions a1most the same 
as those :from the other- two nitr-ating systems. No 
conclusions about the mechanism o:f this reaction can be made 
:from this work, but Olah' s claim that "norma1'' intr·a-
mo1ecular- selectivity is retained in these reactions has 
been shown to be correct :for all the hydrocarbons studied. 
The modified 0 values obtained aroe not likely to 
0 
be suitable :for use with other reactions unless the o.tto.ckinG 
electrophile has steric requirements simi1ar- to those of the 
electrophiles in the systems studied. Further, the values 
of 0 are not particularly sensitive to small changes ih 
0 
product distribution; the usual order o:f precision in the 
determination o:f + 0 values :for a given substituent over· a 
range o:f reactions is +0.3 145 and the widest variation in 
- ' 
the r-esults obtained :for all the modified 0 
0 
values except 
o 
0 
is only twice this :figure. This, together with the low 
precision with which the modified 
0 
values can be 0 
calculated, makes such values o:f little practical use in 
predicting product ratios. 
The results demonstrate that the Additivity Princip1e 
cannot be used to calculate isomer distributions for these 
hydrocarbons in the three systems ed. J. t Eeem::3 very 
likely that the same conclusion would be reacher1 
reactions, and that calculations of product ratios b sed on 
Additivity are likely to be misleading rather· thun h 
Nitr-ation r· ions have p values lower· a nLunber• 
of other electrophilic substitutions, and are 1 ss suitable 
for inve igating an ef'fect likely to involve su:all er-
ences in transition state st ilities than a1•e eacU.ons such 
as bromination which can have hi er p s o.nd. thtn> 
higher ectivity. For this reason the product dist1•t-
butions resulting om the omination of indan, tctralin and 
_Q-xylene 151 wer·e determined in collaboration with G.J. \'!eJ.ch, 
and the results of this study are ven 'J:able LVII. 'l'hc 
TABLJ!j LVII 
Bromination results from the work of Welch 
(per· cent t al bromo-products) 
Vir·ight I 
BrOH-AcOH 
29 42 
7800 
22 
52 
nitration results are best discussed in ter•m:3 of the cxrlc,-
nation offered by .Welch and V.irj_ght for the lJr·cminat.ion::;, o.ncl 
this exrlanation is outlined below. 
The bromination results show that the profu1ct 
distributions are not governed by a primar·y steric effect. 
Molecular models show that the methylene groups adjacent to 
the benzene Ping offer' more hindPance to oPtho attack in 
tetralin than they do in indan. Arnold et al. 152 have 
obtained considerable physical and chemical evidence to 
support this view. If such a st er· ic effect v.rer·e the mo. j or· 
factor determining the pPoduct distribution, moPe o.I'- i3 
ppoduct would be formed in tet:calin than in indo.n. In fact, 
as the results show, tetPalin gives less o.I'- [3 proclu.ct. 
Presumably such a steric effect does operate, but }_t is out-
·weighed by another' factor. 
Attempts have been made to explo.in the Jv;ills-Nixon 
effect in terms of diffePences between the effectiveness of 
hyperconjugative Pelease fpom the methylene groups to the 
benzene Ping in indan and tetralin. BePthiei' and Pullman11 4 
attempt to explain the ppedominance of ai'- f3 pPoduct in 
these compounds by such differences. It has been shown in 
the intpoduction, however, that their conclusion that ar-!3 
substitution predominates is based on inconclusive evidence, 
and the bromination Pesults in Table LVII show that the 
amount of g- a product may well be gPeater than the 
amount of ~-13 • Furthermore, there is c1ou1Jt 
relative effectiveness of hyperconjugation in the two 
compounds. In indan the C-H bonds of e met.!Jylcne oup:::_; 
adjacent to the ring are ideally oriented for e:L'conju[!;a t l.on 
with the ring, but no 0-C hyperconjugation can occur'. In 
tetralin, the methylenes are less favour y oPientcd. for 
0-H release, but C-C hyperconjugation can occur. It is 
generally assumed, and the spectr•oscopic cv nee of Moor·e 
et al. 153 is usually interpreted to mean, that h;yper-conjugatim 
is more effective in tetralin than in indan. 1 evtar 
pointed out that the interpretation of the eJ~erimental 
has 
evidence in terms of hyperconjugation in these compounds is 
open to serious doubt. 
E~xamination of the resonance forms contributine to 
the transition states for a and 13 substitution 
in any ortho-di-substituted benzene shows that preferential 
stab isation by any charge-spreading such as hyperconjugation 
\ 
can have no effect on the product ratio. If the transition 
state in each case is assumed to approximate to the o -
complex, the relevant resonance forms ar>e likely to 
approximate to the following: 
JX ... ,\ X / -H + 
.... 
QC~) 
X H 
II 
~-a substitution 
0: ... ,\ x- ) H ... 
II 
ar-~ substitution 
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Examination of these two sets of resonance forms shows that 
the formal positive charges occur in the same positions 
relative to the fused alicycle in both types of substitution. 
When the alternative position of substitution in each case 
is considered, it is evident that in moving from the ground 
state to the transition state the change in charge at any 
given carbon atom is the same for both types of substitu~ion. 
Thus, preferential stabilisation of the transition state in 
one of the hydrocarbons by any mechanism such as hyper-
conjugation should affect both positions of substitution 
equally, and thus increase the overall rate of' ::ubst tu tion 
for that hydrocarbon without 
distribution. 
ect tlle product 
There is one significant difference between the two 
sets of resonance forms, however. In - a substitution, 
the bond common to the two rings has effectively -§- double 
bond char·acter, ·while in ~ sub itution it has effect-
i vely 1· double bond character. In discussions of the !\fills-
Nixon effect it has generally been assumed that incr·easinc 
the double bond character of this bond in the gPouncl st e of 
indan will result in a less able system because of 
increased strain in the alicyclic ring, while in tetr·alin an 
increase in stability will result. The review by Brown et 
al. 155 of reactions involving the formation of five- and six-
membered rings containing and ~ double bonds suppor-ts 
this assumption. Brown concludes that ''reactions ll 
proceed in such a manner as to favour the for·mation or 
retention of an double bond in the 5-ring, and to avoid 
the formation or retention of the double bond in the 
6-ring". The comparison above indicates that these differ-
ences become· important in forming the transition states, and 
that indan should favour ar- (:3 attack and tetralin a 
attack. On the basis of this comparison, ~-xylene might be 
e:>..--pected to give product distributions intermediate between 
those of indan and tetralin, since the constraint imposed by 
185 
the fused. ring is not present. The bromination :cesultG show 
this to be the caseo 
An assumption implicit in this explanation i£; th 
the three resonance forms contribute approximately ly 
to the transition state for each sub itution type. It is 
likely in fact that the n-quinonoid structur•es (II) V/:i.ll 
make a larger contribution than the other two forms 
case. 156 Also, forms with a single common bond wi 
each 
be 
de stabilised in tetr·alin and those with a double corrmon bond 
will be de abili in indan. Both effects operate in the 
direction x•equired for this explanation. 
The original results of Mills and Nixon may be 
accounted for in terms of this explanation. The resonance 
forms for the two transition states are 
HO~+X _.... .. \ 
'CJ() 
XH 
HO'(x' I I j 
,,/ 
+ 
HO,)t+/\ u) 
_§£-a substitution 
HOY"f''\ 
.x~ ... ' 
H 
HOM'' I I 
X / 
H + 
ar- }3 substitution 
These now include a fourth form involving a positively-
charged :phenol group, giving % double bond character to the 
common bond in ar- a substitution and * double bond 
character in ar- {3 substitution. V!hether or not the 
extra resonance forms make contributions to the transition 
states equal to or greater than the other forms, in each 
case the effect on the common bond is such that ar- aJ 
attack should be strongly favoured in 6-tetralol to give the 
5-:product, and ar- {3 attack be favoured in 5-indanol to 
give the 6-:product. This is the result found by l.1ills and 
Nixon. 
The nitration results 
The :product distributions fr·om the nitrations of 
indan, tetralin and £-xylene are surrrrnarised in Table LVIII. 
The table shows that the nitric acid-acetic anhydride system 
gives results very similar to those obtained from the 
bromination reactions, but the differences between the three 
hydrocarbons are less marked because of the lower select-
ivity of the nitration reaction. The distributions obtained 
from the other two nitrating systems do not conform to the 
:pattern. It is suggested that this results from the same 
effect, discussed in the :previous section, leading to 
abnormally high amounts of 3-nitro-o-xylene and 6-nitro-
:pseudocumene from nitrations in nitric acid-nitromethane 
mixtures and N0 2BF4-sul:pholane mixtures. The effect in 
,------------------------------,-----------
'l'ABLE LVIII 
Product distributions for nitration: 
indan, tetralin and 9-xylene 
(percent total nitro-products) 
0( 0( 41•6 
32•6 
00 00 
64.9.00 00 
35·1 61·4 
0( 
00 
00 
41·3 
_Q-xylene is to increase the amount of ..§]Z- a product; indan 
and tetralin both show much higher proportions of ar- cL 
product in these two systems than in the bromination 
reactions or in nitric acid-acetic anhydride nitrations. In 
the N0 2BF4-sulpholane system, application of Student's 
11 t 11 
test to the results for indan and tetralin shows that the 
difference between the percentage of 2£- a, product for the 
two compounds (58. 3% and 61. 4%) is significant ( td-t .. 56), and 
188 
in the required direct However, when compared Vii th the 
bromination results, the difference is ely appreci le. 
The di erence in the nitric acid-nitromethane system is not 
significant, and that found by T and l';luneyuki 119 
(Table XII) for nitration in nitric acid-nitromethnne 
mixtures of unspecified composition (50%, 48.~-~{,), is 1 
wise barely significant. 
If Olah' s proposed ~ -complex mechanism for 
nitrations in N0 2BF4-sulpholane mixtures is correct, the 
explanation outlined above in terms of o -camp tr·ans-
ition state stabilities is not valid for such reactions, 
since the rate-determining transition state is far removed 
from the o -complex. this is the case, the groound 
state configuration of the hydrocarbons will be tant in 
determining the product distributions. According to the 
charge density calculations made by Berthier and Pullman, 11 4 
(p. 190) the {3 carbons in both indan and tetr in have 
higher charges than the a. carbons and thus the N0 2 BFLJ. 
nitrations might be expected to give more {3 pr•oduc t 
than .ru,:-a. • Two factors must be noted; firstly Berthier· 
and Pullman assume significant hyperconjugation in the 
ground state of these molecules, which is not likely, 
their results must be accepted with reserve, and secondly, 
the effect operating in 2-xylene to increase the proportion 
of 3-isomer above the expected value may so be operat 
H39 
in indan and tetralin. 
Q,uanturn mechanical and other treatments 
. 11 '7. In their quantw11 mechanical tr·eatrnent of 1nclan,. :J 
Longuet-Higgins and Coulson calculate the bond lengths of' 
the hydrocarbon in the ground state and then, assurnin[!; these 
to be unchanged in 5-indanol, compare the energies of 
activation of the two resonance forms III and IV. The bonds 
in the aromatic ring attached to the tetrahedral carbon atom 
will be longer than normal aromatic bonds, and examination 
of the calculated bond lengths for the ground state molecule 
shows that III will be more readily formed and therefore 
+ 
HO 
III IV 
more stable than IV, since the bond distortions required to 
form III are smaller than those required to form IV. 'l'his 
treatment correctly predicts the orientation in 5-indanol 
although it ignores the other resonance forms. These 
workers d~d not ·examine the corresponding tetralol. 
Berthier and Pullman calculate the ground state configur-
ations for indan and tetralin. Their calculated bond orders 
190 
for the aromatic bonds in both hydrocarbons are such that 
application of the Longuet-Higgins argwnent leads to the 
conclusion that both 5-indanol and 6-tetralol should sub-
stitute in equivalent positions (the 6- and 7-positi01w 
respectively). However, Berthier and Pullman also calculate 
the ground state configuration the two phenols and f'ind 
that although the two have similar geometry, the pattern of 
aromatic bond orders is quite different froom that of t 
parent hydrocarbons. Application of the Longuet-Higgins 
argument in this case leads again to the conclusion that 
both phenols should be attacked in equivalent positions, but 
this time probably in the 4- and 5-positions. Clearly this 
approach is of little value until more reliable calculations 
can be made. 
Berthier and Pullman also calculate the charge 
densities at the benzene ring carobon atoms in both the 
parent hydrocarbons and the phenols. They assume that the 
position of highest charge density will give the lar st 
amount of product, predict that both hydrocarbons will give 
predominantly ~ -substitution, and explain the orientation 
in the phenols. However, because the stability of the 
transition states is aff'ected by the fused alicyclic ring 
systems this simple argument cannot be used to edict 
product distributions. In f'act, as the bromination results 
show, ~ -sub itution does not necessarily predominate. 
1 91 
The authors comment that "a second treatment is desirable, 
interpreting the chemical facts by transition state theory". 
Pascual has recently examined the results or Mills 
and Nixon and shown that a combination of polar- and stcric 
factors will explain the e:A'J.)erimental results, but it seems 
doubtful whether these factors alone will account for- the 
almost complete specificity of the substitution reactions 
for these phenols. Any such effects must operate in 
addition to the explanation already given, and Pascual's 
analysis is able to explain the orientation in 3,4-xylenol, 
which has no fused ring system. It cannot however· be 
applied to the unsubstituted hydrocarbons. 
Other results 
Granger et al. have determined the product distri-
butions from chloromethylation of indan and tetralin, and 
from Friedel-Crafts cyclisations of ~-xylene-, indan-, and 
tetralin-3-propionyl chlorides and 3-(phenyl-3)-propionyl 
chlorides. These results are summarised in Table LIX. The 
chloromethylation results parallel the nitration results 
for nitric acid-acetic anhydride mixtures and may be 
explained in the srune way. The cyclisation results fall 
into the same order as the bromination results (Table LVII), 
but show much larger differences between indan and tetralin. 
TABLE LIX 
Product distributions from the work of Granger et al. 
A Chloromethylations (percentages) 
eoOO 
20 
7500 
25 
__ B Friedel-Craft s cycli sat ions 
MHx-c~cooH 
<)OlcHX-C~COOH 
X = H 
%a %(3 
35 
10 90 
75 25 
X = phenyl 
%a %13 
17 83 
20 80 
90 10 
If these results reflect the transition state stabilities 
.and not product stabilities, the larger differences may be 
due at least in part to the high value of p (-9.1) for 
acetylation. 
1 • 
2. 
3. 
4. 
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